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Brief Summary  
 
 Urbanization impacts have been strongly recognized as a threat to the sustainable 
management of urban water resources, especially to developing countries in the tropics. At the 
moment, little information on urban tropics is available. This research aims to investigate high 
density urban residential catchments’ impacts on runoff, sediment delivery and dissolved organic 
carbon in the tropics.  
 A sampling period of 20 months was carried out in two catchments namely, Jurong West 
(JW) and Ang Mo Kio (AMK). JW is 69 ha in size and is 84% impervious while AMK is 35 ha in 
size and 60% impervious. Quick runoff responses are observed in 120 and 106 storm events 
sampled in JW and AMK respectively. JW has shorter runoff lag time, longer time to peak timing 
and higher runoff ratios than AMK. Large storm events, coupled with poor urban soil conditions 
have led to immediate pervious runoffs (Saturation Overland Flow and Hortonian Overland Flow) 
during storm events. Higher abstraction loss and hydrograph evidence indicate pervious runoff in 
AMK is contributed in delayed form (Throughflow) too. Overall, 36% and 42% of JW and 
AMK’s respective storm events were found to generate pervious runoff events. A larger 
frequency of pervious runoff in AMK is closely associated with its large pervious cover. 
 From 1562 and 1107 stormwater samples, JW exhibited higher average suspended 
sediment concentrations (SSCs) of 97.63, 55.49 and 191.01 mg/L than AMK of 68.17, 43.03 and 
167.11 in wet, dry and normal periods respectively. Sediment delivery in JW is transport limited 
and AMK is supply limited. Sediment supply patterns in AMK often show rapid exhaustion 
during storm events. There were 46 and 27 storm events sampled for SSCs in JW and AMK, 
respectively and clockwise hysteresis pattern was commonly observed. The presence of large 
variable intensity storm events, construction activities and poor vegetation cover (bare soil 
surfaces) were found to be influential in sediment mobilization which resulted in other hysteresis 
 X 
 
patterns namely eight-shaped, clockwise eight-shaped and random hysteresis. Double corrective 
methods were carried out on event-based rating curves and the annual sediment yield of JW and 
AMK were 289 and 338 tonnes/ km2/ yr respectively. Further examination showed sediment yield 
from pervious cover in JW and AMK to be 1174 and 296 tonnes/ km2 respectively and 
impervious cover sediment yield is 224 and 197 tonnes/ km2 respectively. This is evidence to 
show that apart impervious surfaces, non-point sources such as construction activities and 
particularly pervious cover are identified as sediment contributing sources in JW and AMK. 
  From 46 and 27 SSC-sampled storm events in JW and AMK, 18 storm events were 
analyzed for dissolved organic carbon (DOC) levels. JW is found to also have higher DOC levels 
and DOC yields (0.91 – 35.28 mg/L and 101.91 kg/ha) than AMK (1.10 – 24.31 mg/L and 61.27 
kg/ha). Higher density of transportation surfaces nonetheless contributed to higher DOC levels in 
JW. DOC levels showed almost identical patterns of delivery as SSCs patterns during storm 
events. During storm events, high DOC levels were observed before peak discharge in the 
beginning of storm event but decline due to dilution effects from higher discharge volumes. 
 Evidence of high SSCs, high sediment yield and pervious runoff process pinpointed 
point-sources such as pervious cover (grassed surfaces and bare soil surfaces) and construction 
activities as strong contributors to sediment in Singapore urban catchments. Management 
strategies would include the application of Environment Impact Assessments (EIAs) protocol on 
all construction operations, improving permeability of pervious cover, reducing the amount of 
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Chapter 1 Introduction   
1.1 Background  
 Many urban centers developed around rivers, the then-lifeblood of commerce. 
Despite the wide use of urban streams water resources and transportation, these rivers did 
not receive adequate care and attention (Paul and Meyer 2001). Wolman (1967) has 
described urbanization that would lead to river channel modification, removal of natural 
cover and an increase in sedimentation. Arnold and Gibbons (1996) have illustrated that 
the effects of urbanization are equivalent to an increase in imperviousness (see Figure 
1.1). This change in land cover has several impounding impacts on hydrological flow 
processes, especially higher peak flows and shorter lag time (see Figure 1.2). The 
hydrological component most badly affected is the reduction in water storage as a result 
of reduced infiltration. Interflows are also reduced with the removal of natural soils and 
replaced with clayey soils which are filled with foreign materials (Jim 1998). The most 
significant change is the increase in surface runoff from impervious surfaces. 
Urban imperviousness does not generate sediment but aids in its mobilization 
(Arnold Jr. and Gibbons 1996); this has become a very worrying issue. This is because 
several pollutants that are generated from non-point sources in the urban environment 
would attach themselves to sediment. These non-point sources are mainly related to 
transportation network and domestic wastes.  The change in the hydrologic regime would 
lead to higher accelerated runoff from impervious surfaces and transport these sediment 
into receiving waters which will be harmful to the aquatic system as well as human 
communities for drinking water purposes. Figure 1.3 summarizes the impact of 
urbanization on hydrological processes. It also highlights the potential threat of 
 2 
 
contaminated urban runoff to aquatic ecosystems. To combat this problem of urban 
stormwater pollution, initiatives such as National Urban Runoff Program (U.S), the 
National Water Quality Assessment Program and the Land-Ocean Interactive Study have 
been implement (Neal and Robson 2000). 
 
 
Figure 1.1: Changes in flow processes as imperviousness increases with urbanization. 
Main hydrological processes such runoff and infiltration are strongly affected. 







Figure 1.2: Comparison of natural and urban watershed. The transformation from natural 
to urban watershed as shown in this figure results in an increase in peak discharge and 
shorter lag time. 




Figure 1.3: The effects of urbanization on hydrological processes. 




1.2 Significance of the study in Singapore  
 Singapore is one of the few remaining city-states in the world and has benefitted 
greatly from the rapid economic growth in Asia. In terms of GDP per capita, Singapore 
is enjoying huge success in economic development. However, rapid economic 
development has its price. Singapore, like other developing countries, has its own 
environmental problems to tackle. Land and water scarcity are the main problems facing 
the city-state. Singapore relies mainly on land reclamation to recreate more land space. 
Its initial land area of 581.5 km2 has increased to 704 km2 today.  Population density has 
also grown from 5669 persons per square kilometer in 1996 to 6369 persons per square 
kilometer in 2006 (Singapore Statistics 2007), stretching Singapore’s land and water 
resources to their limits.  
Land in Singapore has been rapidly developed for housing, commercial and 
industrial use. As urbanization has resulted in the disappearance of several natural rivers, 
lined concretized drainage channels are constructed as new “urban rivers” primarily to 
mitigate flood problems. Managing Singapore’s water resources has consistently been an 
area of concern for the government. The 10-year clean-up project of badly polluted 
Singapore River which started off in 1977 is a strong testimony of the government’s 
belief that Singapore water resources are important, considering their importance for 
drinking and aesthetic purposes for the tourism industry (Yip et al. 1987). Under 
excellent flood management plans, Singapore’s flood prone area was reduced from 6900 
ha in the 1960s to 297 ha in 1997 and currently stands at 130 ha although small scale 
flooding in low-lying areas still occurs during extreme storm events (Lim 1997 and 
Singapore PUB 2007).  
 5 
 
Another challenge facing Singapore pertains to meeting the water demands of its 
increasing population and growing economy. Singapore relies on four national taps to 
meet its water needs. The first is water imported from Malaysia. The second is 
stormwater runoff collected from local catchments that is diverted into reservoirs. The 
third is NEWater which is recycled water used for drinking and industrial purposes. The 
fourth is desalination. Desalination is the process of removing salt from seawater and 
treating it for industrial and drinking purposes.  
The Singapore government aims to be self-sufficient by reducing the nation’s 
reliance on importing water from Malaysia. Therefore, more efforts are pumped into 
technological advancement in NEWater and desalination processes. In the meantime, the 
Marina Barrage project (costing $226 million) has been implemented to maximize land 
area for runoff collection. It will serve a catchment size of 10,000 hectares, or one-sixth 
of Singapore, which will be the biggest catchment serving reservoir and also meet 10% of 
Singapore’s current water demand (Singapore PUB 2007).  
The increase in local catchment area for runoff collection will help to relieve 
Singapore’s high water demands; however, this demands more responsibilities from 
watershed communities to keep the waterways clean. The Marina Barrage represents a 
major shift in Singapore’s water management. Once wholly the responsibility of the 
Public Utilities Board (PUB), the government now encourages everyone in the 3P 
(People, Public and Private) sectors to take joint ownership of water resource 
management. Singapore has successfully branded itself internationally as a clean and 
green city. It now plans to add the ‘blue’ component. To do that, PUB rolled out the ABC 
Waters program, which the acronym standing for ‘Active’, ‘Beautiful’ and ‘Clean’. The 
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government believes that in order to engage people to care for their water resources, it 
should start by bringing the two (people and water) closer together (Singapore PUB 
2007). Given the current situation, a study which examines the impact of urbanization on 
Singapore is useful and complements the government’s efforts in protecting Singapore’s 
limited resources. 
 The delivery of sediment into receiving waters has been made easier under 
tropical conditions than temperate areas. This is because tropical storms have erosive 
power that is about 16 times more than that of storms in temperate areas. This would 
accelerate soil erosion and sediment transfer in both urban and non-urban environments 
(Hudson 1971 cited by Gupta 2002; Chatterjea 1998; Gupta 2002 and Lu et al. 2005).   
In the urban environment like Singapore, these processes have been further 
accelerated and exacerbated by anthropogenic activities. Sediment from non-point 
sources (e.g. roads, buildings and domestic litter) are main contributors in the heavily 
modified urban environment. Slopes are heavily engineered and prone to slope failures 
during heavy storm events due to inadequate drainage and slope protection measures. 
Slope failures can contribute to high suspended sediment concentrations (SSCs) which 
degrade stormwater quality and increase flooding risk from choked drainage channels 
(Gupta 2002 and Rezaur et al. 2003).  
Non-point sediment sources like construction sites and pervious cover also 
contribute sediment into stormwater. Small construction upgrading works are frequently 
carried out, especially in residential catchments. Unplanned removal of pervious cover 
and open exposure of construction materials have resulted in sediments being transported 
into drainage network during storm events. Heavy compaction from machinery and 
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human trampling has resulted in soil compaction and lower infiltration rates, and also the 
development of bare soil surfaces. Therefore, during storm events, reduced infiltration 
rates leads to quick surface runoff, which has resulted in quick sediment removal from 
these disturbed pervious cover. Thus, sediment contribution is a persistent environmental 
problem that should be addressed immediately (Gupta and Wong 1993; and Chatterjea 
1989). 
Action is needed to resolve the problem of land use management in Singapore. A 
Singapore Green Plan 2012 has been formulated by the Ministry of Environment to 
muster efforts towards sustainability (ENV 2003). The main goals in the green plan 
consist of effective waste management, nature conservation, maintaining clean air, 
ensuring sufficient water supply, excellence in public health, improvement in 
environment technology and working closely with international and local communities to 
promote sustainability. However, these are just general goals and specific goals are 
required to achieve them. For instance, sediment reduction as a specific goal would 
facilitate the achievement of general goals such as nature conservation, ensuring 
sufficient water supply and excellence in public health. 
 A study on sediment delivery and reduction contributes to sustainable water 
resource management in Singapore. The key weakness of most sediment management 
programs in the tropics has been their limited capacity to identify key problem areas and 
focus efforts in addressing them. Hence, like other tropical cities, Singapore is still 
deficient in its urban sediment management program. In order to proper design sediment 
reduction programs, information with regard to sediment generation needs to be known. 
Field sampling periods are often short and this leads to a lack of ample and reliable data 
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on soils and erosion rates (Nagle et al. 1999 and Gupta 2002). Moreover, there is an 
imbalance of studies between the tropical and temperate regions in the academic 
literature. There are few investigations involving few large tropical or subtropical 
watersheds (Dunne 1988 cited by Nagle et al. 1999). Since there is little data on sediment 
production under tropical natural conditions, there is even fewer studies conducted in 
tropical urban environments. The numbers of tropical studies as suggested by Douglas 
(1993) are increasing but this expansion is in its early infancy. Proper and long term field 
measurements are badly needed to estimate the amount of runoff, understand the type of 
runoff and sediment transfer which are necessary for predicting and combating impacts 
from land use changes, particularly in Singapore where its urban environment is 
undergoing rapid change. Therefore, a sediment management study in Singapore’s urban 
environment could reap benefits, not only does it helps towards sediment abatement 
measures but also narrows the widening gap between temperate and tropical sediment 
studies. 
1.3 Relevance of this study to urban management 
 
This study seeks to investigate runoff response and runoff type during storm 
events. Emphasis is also given to sediment generation and delivery during storm events 
and variations in dissolved organic carbon (DOC) in two small, high-density residential 
urban catchments in Singapore – Jurong West (JW) and Ang Mo Kio (AMK). In 
Singapore, 80% of the population is housed in high-density housing (Kwame 1999).This 
would justify strongly why the study is conducted in residential land use and not other 
land use types (e.g commercial or rural area). As mentioned, urban runoff in Singapore is 
an important national tap supplying water to the nation. Runoff from JW and AMK is 
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drained directly into Jurong Lake and Marina Reservoir respectively. Therefore, a study 
in these two catchments is meaningful. 
Local studies on the impact of urbanization impacts on runoffs and water quality 
have been conducted. These researches include investigations of rainfall – runoff 
processes (Chang 1972; Ho and Ong 1980 and Kaur 1981), the impact of urbanization on 
runoff processes (Gupta 1982; Dhillion and Rajasegaran 1985) and the impact of land use 
on runoff process (Lee 1982). Other studies (Chui 1991 and 1997; Lim 2000; Ee 2000 
and Lee 2001) deal mainly with the water quality of stormwater and sediment delivery. 
These studies dealt mostly on the change in storm hydrographs from the impact of 
urbanization. But very few studies have actually conducted on runoff processes with 
respect to urbanization per se (Gupta 1982; and Dhillion and Rajasegaran 1985). 
Similarly, with regard to water quality, none of the mentioned studies has examined DOC 
as a parameter in their catchments. Local studies on the understanding of sediment 
delivery have also been largely confined to the first-flush effect and so there is no 
information pertaining to annual sediment yields from Singapore urban catchments. 
Therefore, it can be seen that there are still a lot of information gaps that can be filled in 
this study.   
 Even though it may seen that this study resembles past local studies, it would be 
able to highlight among other urban land uses (e.g. commercial and low-density 
residential) high-density residential land use is a strong sediment contributor. This has 
been demonstrated in a non-tropical region by Jun and Ki (2000) who have shown high-
density residential land use in Korea to be the highest contributor of sediment among 
other land uses, including low and medium density residential land use. A study on high-
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density residential land use in the tropics should further emphasize the importance of 
proper land use and land cover management in the urban environment, especially in the 
tropical region.  
Both globally and locally, urban centers have become congested with population 
growth and rural-urban migration. Although Singapore is faced with land scarcity, 
excellent urban planning has alleviated its commercial, industrial and housing needs. For 
instance, to meet housing needs, high-density public residential areas have developed 
which caters to the majority of the population. Nonetheless, not all environmental 
problems can be addressed by urban planning. Thus, this study is also an important 
contribution to environmental management in the urban tropics. 
 On a broader scale, this study provides information on the different impacts 
(hydrological and water quality) that may be expected in tropical storm events in newly 
planned and rapidly emerging cities, especially in Southeast Asia. This is especially 
important when funding is lacking for urban tropical studies (Balamurugan 1991), as well 
as a mixture of idiosyncratic research, varying national requirements, and divergent 
international priorities (Gupta and Wong 1993; and Gupta 2002). It is also hoped that this 
study will act as an impetus for more future research work on urban tropics. 
1.4 Aim and objectives of research 
 
This research investigates the impact of urbanization on runoff, sediment and 
stormwater quality (e.g. dissolved organic carbon) in the two study catchments. Special 
attention is paid to the impact of land use and land cover on sediment delivery and 
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generation in Singapore’s high-density public housing. The objectives of this research 
are: 
1. To study surface runoff responses and generation of pervious runoff during storm 
events.  
2. To investigate levels of suspended sediment concentrations and turbidity during 
storm events. 
3. To explore the degree of suspended sediment flushing and sediment hysteretic 
delivery patterns in two tropical urban environments. 
4. To scrutinize corrective methods for sediment rating curves and estimation of 
sediment yield. 
5. To study DOC relations to discharge and sediment levels. 
The research methodology framework is shown in Figure 1.4. Data for this study 
was acquired in three ways – field survey, stormwater sampling and rainfall monitoring. 
For the field survey, Global Positioning System (GPS) was employed to map the type of 
land cover in both catchments and field data was converted into useful and meaningful 
Geographic Information Systems (GIS) catchment maps. Stormwater sampling involved 
the collection of stormwater samples for laboratory analysis and primary information 
relating to discharge and turbidity levels.  These hydrological measurements (rainfall and 
discharge) were used to derive catchment hydrograph responses (i.e. lag time and time to 
peak timings) during storm events. They were also used to identify pervious runoff 
events, estimate runoff ratios and the catchments’ directly connected impervious area 
(DCIA) fraction. The collected stormwater samples were analyzed in the laboratory for 
SSCs and DOC levels. The relations between SSCs and DOC were examined. Sediment-
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turbidity rating curves were also obtained to examine turbidity’s potential as a surrogate 
for SSCs’ in both catchments. SSCs and DOC were also used with discharge levels to 
derive event-based sediment-discharge rating curves to calculate annual sediment yield 
and DOC yield. Moreover, sediment delivery patterns using SSCs and discharge 
information were exemplified by hysteresis patterns.  Overall, the only secondary data 
used in this study were digitalized GIS catchment base map from the Singapore Land 
































Figure 1.4: An overview of the study’s methodological framework. The dotted lines in the diagram indicate that the pathways 
represented by the solid lines are bypassed.  
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1.5 Arrangement and structure of the dissertation 
The study comprises of ten chapters covering aspects of catchment runoff 
response to tropical storms, SSCs and delivery patterns, and DOC delivery processes. 
Chapter 1 lays out the arguments for this study to be conducted in the tropics, particularly 
in Singapore.  It introduces Singapore’s worrying water resource problem and explains 
how the country aims to solve the problem in the future. The four national water taps and 
the implementation of the Marina Barrage project will demonstrate how Singapore 
manages to overcome its water shortage issues.  
Chapter 2 provides a description of the two urban residential catchments chosen 
for study and the various methods employed during field data collection and laboratory 
work. Chapters 3 to 9 examine the runoff responses, sediment response and the export of 
DOC in stormwater. Management implications for the management of land use and land 
cover are drawn from the results pertaining to runoff, suspended sediment export and 
DOC levels.  
Chapters 3 examines the various storm characteristics experienced in this study 
while Chapter 4 analyses the hydrological responses in both catchments. As storm events 
in humid tropics to vary in characteristics over a short span of time, different storm 
responses are expected. The complexity of storm responses increases under different land 
cover conditions and over months of differing rainfalls. The chapter contributes to the 
understanding of quick and slow rising and falling hydrograph responses possibilities 
within an urban catchment under conditions of tropical storm events. 
Chapter 5 addresses the type of runoff processes that take place from the urban 
surfaces (impervious and pervious cover). Based on the hydrological data collected in 
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Chapter 3, the degree of the DCIA in the respective catchments was estimated. DCIA 
refers to impervious areas that are directly connected to drainage networks (Boyd et al. 
1993). In the context of Singapore, roads lined with several drainage entry points are 
examples of DCIA. The investigation also identifies pervious runoff events and the 
influential factors generating them. The understanding of runoff processes is important 
because the runoff type impacts on stormwater quality significantly. 
Chapter 6 examines SSCs during urban storm events and its results are compared 
against past studies. The use of turbidity measurements such as turbidity – SSC rating 
curves as a surrogate for actual SSCs is discussed. The results are compared against 
actual SSCs and the capability and reliability of turbidity measurements as a substitute in 
field sampling for SSCs is assessed. Sediment sources within the two catchments are also 
discussed.  
Following this, Chapter 7 furthers the understanding of the temporal export of 
suspended sediment out of both catchments. This is done by analyzing the flushing 
magnitude and hysteresis patterns in both catchments. The understanding of varying 
flushing magnitudes in storm events enhances clarity on storm properties in the transport 
of suspended sediment out from catchments. Hysteresis patterns provide an additional 
dimension to understand sediment response during storm events. They are able to show 
characteristics of suspended sediment depletion during events, as well as the influence of 
various climatic and catchment factors on sediment response.  
Chapter 8 deals with the work of estimating annual suspended sediment yield in 
both catchments. The estimation of suspended sediment yield in Singapore catchment is 
absent from the literature. Suspended sediment and discharge rating curves are obtained. 
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Double correction method is applied to both sample-based and event-based rating curves. 
In the sample-based rating curve, data is classified in the following manner: wet and dry 
periods, construction and non-construction periods and rising and falling stage. For the 
event-based rating curve, the rising and falling stage category is omitted. The inhibiting 
factors hindering suspended sediment prediction in respective catchments, particularly 
sample-based rating curve is discussed. Sediment yields in both catchments are estimated 
using derived event-based rating curves.  
Chapter 9 underscores the importance of urban hydrological processes in the 
global carbon cycle. It investigates DOC levels as a parameter of stormwater quality 
during storm events. The relations between discharge levels and suspended sediment 
concentrations are also be studied. DOC yield in both catchments are also computed 
using the event-based DOC load/ discharge amount rating curves.  
 Chapter 10 concludes the study by summarizing the study’s main findings. It also 
highlights the contributions of this study and implications for management to deal with 
accelerated runoff and sediment generation in urban catchments. Further research into 








To achieve the objectives stipulated in Chapter 1, various methods have been 
designed to collect data from fieldwork using automated equipment sensors (e.g. depth 
sensor and turbidity sensors), automated water samplers and laboratory work analysis. 
Observations of the catchments’ anthropogenic activities, such as the emergence of 
construction activities, were recorded as field notes during site visits. The sampling 
period ran from February 2005 until November 2006 in Singapore’s two high-density 
public residential housing areas namely, Jurong West (JW) and Ang Mo Kio (AMK). 
Meetings were arranged with the respective catchments’ team managers from the Public 
Utilities Board (PUB). During the meetings, information pertaining to the channel’s 
dimensions and catchments’ boundaries was obtained. Methodologies designed for 
different measurements are explained in the following sections of this chapter.  
2.2 Jurong West and Ang Mo Kio urban residential catchments 
 
In order to investigate the impact of high density residential land use, two small 
high-density residential catchments (JW and AMK) in Singapore (10 15N - 10 28N, 1030 
39E - 1040 03E) have been chosen (see Figure 2.1). Both sites are typical small Singapore 
high-density public housing, which comprise mainly of high rise flats and small pockets 
of open green spaces. Flood reduction in both catchments are facilitated by small drains 
diverting stormwater into large effective U-shaped or trapezoidal canals. The government 
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has invested much into flood control measures for the entire island since Singapore began 
its rapid urban growth from the 1970s.  
In the early 1900s, the majority of Singapore’s land was covered with swamps. As 
the majority of the island laid within 15 m of mean sea level and about 1.5 m below high 
tide level, frequent flooding occurred. As Singapore underwent rapid urbanization, floods 
were frequent as drainage channels were not designed to accommodate the increased 
accelerated runoff (see Plate 2.1). As Singapore developed further, the mammoth task of 
controlling floods was entrusted to the PUB’s Drainage Department. Drainage within 
urban catchments were upgraded and re-designed to reduce floods. To this end, 
Singapore was divided into 10 water catchments (see Figure 2.2), each of which is 
managed by a catchment team headed by either an engineer or technical supervisor (Lim 
1997).  
The selection of catchments is also dependent on the availability of an open outlet 
canal to drain the catchments. However, most drains are covered which hinders the 
setting up of monitoring station and maintenance work. In these two catchments, this 
problem was overcome with two main open U-shaped canals draining stormwater from 
the catchments. The two catchments were also selected due to difference in impervious 
cover between them. Both catchments are similarly landscaped but JW has a larger 
impervious cover than AMK. In this way, the impact of urbanization on land cover 
difference can also be investigated. Other minor differences include topography and 
catchment size. JW catchment is relatively flat while AMK is gently sloping. During the 
sampling period, housing and carpark upgrading work took place at different times in 
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respective sites. Even though both catchments are less than 1 km2 in size, JW is 68.74 ha 
in size and is almost two times of AMK, which measures 34.9 ha.  
 
Figure 2.1: Geographical location of Jurong West and Ang Mo Kio in Singapore. 




Plate 2.1: Picture showing a low-lying area (Chinatown) subjected to flooding on 9th 
February 1974. 





Figure 2.2: Boundaries of the 10 water catchments in Singapore. Jurong West is located 
within the Jurong Catchment and Ang Mo Kio is located within the Kallang Catchment. 
Source: Lim (1997) 
 
The JW residential area is located in the Jurong Catchment (see Figure 2.2) on the 
western part of Singapore. In the Jurong Catchment, land use is much dominated by 
housing and the other areas within the catchment by industrial activities. The land area of 
the JW is 68.74 ha (see Figure 2.3). The boundary of the JW catchment is artificially 
delineated by the drainage network designed by the PUB. The catchment is 
predominantly underlain by a rock type comprised mainly of sedimentary rocks, such as 
shale, sandstone and conglomerate, dating back to the Late Triassic to Early Jurassic 
period (see Table 2.1). Pervious cover from urban landscaping work consists of heavily 
compacted urban soils. Pockets of vegetation among the concrete-dominated catchment 
consist of trees, shrubs and small green spaces. 
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During the sampling period, housing and carpark upgrading works were carried 
out. Figure 2.3 shows that from December 2004 till March 2005, carpark upgrading 
works took place at site (i) and housing upgrading work was carried out from June 2005 
until the end of sampling period at site (ii). The drainage in JW is entirely man-made. The 
exact sampling site is located downstream of a U-shaped canal, 3.06 m wide and 2.44 m 
in height (see Plate 2.2). It is well-served by several small drains in the catchments. A 
cross-section profile of the drain where sampling work was carried out is shown in Figure 
2.4. 
 
Figure 2.3: GIS map of Jurong West catchment.   
 




Plate 2.2: A U-shaped canal at Jurong West. 
 
 




The AMK residential sub-catchment measuring 34.90 ha (see Figure 2.5), located 
in the central part of Singapore is part of the Kallang Catchment (see Figure 2.2). Similar 
to the JW catchment, AMK catchment boundaries are also delineated artificially by 
PUB’s designed urban drainage network. Its underlying geology comprises Bukit Timah 
Granite. Its rock type includes igneous rocks such as granite and granodiorite, which 
dates back to the Early Triassic period (see Table 2.1). Similar to JW, soils in AMK are 
also heavily compacted as a result of urbanization. There is more greenery in AMK as 
compared to JW given the presence of Bishan Park within the AMK catchment.  The 
specific sampling site is also located on the downstream of a U-shaped channel (3.17 m 
wide and 2.44 m high (see Plate 2.3) and well-drained from many small drains. A cross-
section of the U-shaped channel where sampling work was carried out is shown in Figure 
2.6. As observed in AMK, housing and carpark upgrading works were also carried out 
during the sampling period. Figure 2.5, shows carpark upgrading work was carried out 
from January 2006 until March 2006 at site (i), housing removal works from April -July 
2006 at site (ii) and sewage works from February - March 2006 at site (iii).  
Table 2.1: Geologic characteristics of Jurong West and Ang Mo Kio sites.  
Sites  Parental 
Rock 









Late Triassic to 
early Jurassic 












Early Triassic Central, northern 
and parts of 
northeastern 
Singapore, Changi 
and Pulau Ubin 









Plate 2.3: A U-shaped channel at Ang Mo Kio. The murky brown colour indicates 
the presence of high sediment concentrations discharged from carpark upgrading 







Figure 2.6: Cross-section of Ang Mo Kio channel at the sampling station. 
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2.3 Land cover mapping 
The limitations of aerial photography and satellite imaginery in mapping land 
cover patterns in catchments have been highlighted by Pauliet and Duhme (2000). 
Geographic Information Systems (GIS) combined with Global Positioning System 
(GIS/GPS) applications were used in this study to map land cover patterns in both 
catchments. The GIS/GPS method is suitable and useful in mapping complex land cover 
patterns in Singapore residential areas because the residential areas are highly 
landscaped, comprising a combination of both impervious and pervious cover. 
Furthermore, GIS base maps of respective catchments can be purchased from the 
Singapore Land Authority (SLA). 
 A basic GIS map needed for land cover mapping according to Gumbricht (1996) 
was purchased from the SLA. This map has layers of urban features specifications 
shapefile that allow easier handling and editing work. Readily available features include 
buildings (Housing Development Board flats), car parks, water features, roads and green 
parks (see Figures 2.7 and 2.8). A field survey of both catchments was conducted to 
assess the type of urban features to be mapped. These features were then programmed 
into the data dictionary of the GPS receiver, Trimble TSC1 Asset Surveyor, under 












Figure 2.7: Map of Jurong West in shapefile format. 
Source: Singapore Land Authority of Singapore. 
 
 
Figure 2.8: Map of Ang Mo Kio in shapefile format. 




 During the mapping process, polygon features (e.g. vegetation and recreational 
grounds) were recorded by walking along its perimeter. Line features (e.g. roads, 
pavements and canals) were recorded by walking along them. Every feature was recorded 
by fixes, which are signals sent by satellites and received by Trimble differential GPS on 
their coordinates. At least three fixes are needed to provide sufficient coordinate data of a 
feature. As this is the first attempt to use differential GPS mapping in Singapore’s urban 
environment, each fix is set at one every four seconds, similar to the interval set by 
Schilling and Wolter (2000). This logging interval has proved to be sufficient for 
receiving satellite signals to be logges into the GPS. During the mapping exercise, it was 
found that the features that could not be logged using the GPS were located nearby or 
underneath urban barriers (e.g. trees and buildings). Instead, they were recorded manually 
with walking measure equipment capable of measuring the distance between points. 
 Data from GPS fieldwork was converted into shapefile format using 
Pathfinder Office 2.7 and exported to the ArcGIS program. Together with the data 
collected with the walking measure, all features were edited using the ArcMap program. 
Figure 2.9 illustrates the GIS mapping process of JW and AMK. Figures 2.3 and 2.5 are 
the final GIS land cover layout of Jurong West and Ang Mo Kio. Using the GIS maps, 
this study is able to estimate the type and amount of land cover in JW and AMK. In this 
study, the land cover is described as either impervious or pervious cover. Pervious cover 
refers to the grassed cover surfaces. The other land cover type (mainly concrete surface) 
will be described as impervious, rather than impermeable. Impermeable is defined as a 
structure or texture which does not allow the movement of water through a rock or soil 
material under the natural conditions in the ground water zone. Impervious is defined as 
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having the same characteristics of impermeable but under certain conditions, a rock or 
medium might become permeable owing to joints and fractures (Goudie 1990). In this 
study, urban surfaces will be described as impervious surfaces. This is because through 
the various weathering processes (i.e. physical weathering, chemical weathering or biotic 
weathering), miniature joints and cracks will appear in impermeable urban surfaces. 
Therefore during storm events, water will flow through these impermeable surfaces, 







Figure 2.9: Land cover mapping process flow chart. 
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2.4 Measurement of rainfall  
 
               In recording storm events, each catchment was equipped with a HOBO tipping 
bucket rain gauge installed in the neighborhood school.  Even though tropical storm 
events are highly localized, Douglas (1993) has highlighted that the spatial variability of 
tropical storms is significant in catchments greater than 2 km2. As both catchments are 
small in size, the use of a single rain gauge was sufficient for each catchment. Moreover, 
as both catchments are high-density residential areas with high-rise buildings, they lack a 
sufficiently large open space for installing the rain gauges. The next best option was the 
rooftop of the designated schools (see Plate 2.4). The rain gauges were placed more than 
1.5 m above ground to eradicate storm-splash from entering them. Every tip recorded by 
the rain gauge represents 0.2 mm of rainfall. This data was recorded by a small logger in 
the rain gauge and was downloaded on a monthly basis.  
The rain gauge was calibrated every 6 months in the field. This was achieved in 
the following manner. A bottle is filled with a 1 liter of water and a small hole was cut 
into it. An amount of 373 ml of the water is allowed to drip into the rain gauge funnel but 
not directly down the funnel orifice. If the 373 ml amount of water was finished in less 
than an hour, the test was repeated with a smaller hole. There should be 100 ± 2 tips after 
the 373 ml amount of water is finished.  If there were less than 98 tips, the adjusting 
screws at the rain gauge were turned clockwise to increase the number of tips. If there 
were more than 102 tips, the adjusting screws at the rain gauge were turned anti-






Plate 2.4: HOBO storm gauge installed at a school roof top in Jurong West. 
 
 
2.5 Measurement of discharge  
 
  Discharge measurements were calculated using Manning’s Open Channel 
Formula (see Equation 2.1). This method was adopted due to the lack of automated flow 
meter equipment. As such, discharge was calculated with the aid of depth measurements 
recorded by depth sensors integrated with a YSI Sonde multi-parameter water quality 
logger (see Plate 2.5). The sonde was programmed to continuously record water depth 
levels in 5 minute interval. A series of tests were carried out to ensure the applicability of 
Manning’s formula to this study. First, the flow velocity and height of the stormwater in 
the canals were recorded during storm events. The flow velocity was measured using a 
portable flow meter, Flo-Mate 2000. With its electromagnetic velocity sensor, the flow 
meter is capable of detecting low flow rates with a range from -0.15 to 6 m/sec. 
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Velocities at 20%, 40% and 80% of depth level were measured at each water depth at 5 
minute intervals. In each catchment, 30 discharge measurements using the flow meter 
were taken and each discharge measurement was calculated as follows: 
1. Measure water depth of canal and divide canal column into 3 zones namely A, B 
and C (see Figure 2.10). 
2. Measure flow velocity (m/sec) at 20%, 40% and 80% of current water depth. This 
means that there were 9 flow velocity measurements for each discharge 
measurement.  
3. Average flow velocity of each zone was computed by the equation [(20% + 
40%)/2 + 80%]/2. 
4. Discharge of each zone was calculated by zone area and multiplied by the average 
flow velocity of the zone (see Equation 2.2). 
5. Final discharge is computed by summing up the individual discharge levels of the 
three zones. 
 A relationship between water depth and flow rate during storm events was 
plotted. Moderately high R2 values of 0.7706 and 0.7624 were obtained for JW 
and AMK respectively (see Figures 2.11 and 2.12). On the other hand, the depth 
of water within channels was used to calculate discharge using Manning’s 
Formula. Bed gradients for JW and AMK catchments were 0.001 and 0.002 
respectively. Results showed high R2 values of 0.8937 and 0.9809 for both JW 
and AMK catchments respectively (see Figures 2.13 and 2.14), indicating the 








Plate 2.5: YSI 6920 in metal bracket. The YSI is equipped with depth, temperature and 






(Manning’s formula of Open Flow) –--------------------------------------------- (Equation 2.1) 
Qc = (1/n)AR2/3S1/2 
 
where Qc = discharge capacity of drain (m3/s)  
 
R = A/P = hydraulic radius (m)  
 
n = roughness coefficient (Concrete = 0.015) 
 
A = flow area (m2) 
 
P = wetted perimeter (m) 
 
S = bed gradient (0.002) (JW) 
 
S = bed gradient (0.001) (AMK) 
 
(Flow velocity times cross-sectional area) –------------------------------------ (Equation 2.2) 
 
Q  = FA 
 
Where Q (m3/s)  = discharge, 
 
F (m/sec) = The flow velocity  
 
A (m2) = Cross- sectional Area the surface of that runoff lot 




Flow velocity vs Depth (JW)























                  
Flow Velocity vs Depth (AMK)




















Figure 2.11: Relationship between flow velocity and water depth in Jurong 
West. The flow readings were taken manually using a portable flow meter 
during the storm events. R2 value of 0.7969 is obtained.  
Figure 2.12: Relationship between flow velocity and water depth in Ang Mo 
Kio. The flow readings were taken manually using a portable flow meter 
during the storm events. R2 value of 0.82 is obtained. 
 
Manning equation and (Q*cross sectional area) in JW 



























                 
Manning's equation and (Q* Cross-sectional area) in 
AMK
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Figure 2.13: Relationship between discharge measurements calculated from 
(cross sectional area and flow velocity) and Manning equation in Jurong West. 
R2 value of 0.8937 is obtained. 
Figure 2.14: Relationship between discharge measurements calculated from 
(cross sectional area and flow velocity) and Manning equation in Ang Mo Kio. 
R2 value of 0.9809 is obtained. 
 36 
 
2.6 Measurement of suspended sediment concentrations                                                         
      
The measurement of suspended sediment concentrations (SSCs) comprised of 
both field water sampling and laboratory work. In both catchments, automated samplers 
were placed in metals cages to prevent tampering by the public (see Plate 2.6). The storm 
samplers were attached to a float switch that initiated a sampling sequence once water 
levels in the channel rose above the switch. Samples were collected in every 5 minute 
intervals once the auto sampler was initiated. Each sample of 850 ml was collected in 
individual 1 liter capacity plastic bottles designed for the automated sampler. There were 
twenty-four bottles in the automated sampler and each bottle was used to collect 
stormwater sample every five minutes. Overall, stormwater samples were taken over 2 
hours period and be analyzed for SSCs. Samples were transferred into 1 liter 
polyethylene bottles and brought back to the laboratory for SSCs analysis. Laboratory 
analysis comprised the filtration process, using Whatman filter paper of 47 mm in 
diameter. Filter papers were weighed before the filtering process took place. After 
filtration, filter paper with wet sediment, were dried in an oven at temperature 105 
degrees Celsius for more than ten hours. The volume of filtered water samples was 











 Plate 2.6: Automated sampler placed in a metal cage in Jurong West and Ang Mo Kio.       
                        
 
A review of the literature found that varied sampling intervals were employed by 
past studies. The sampling interval could range between 3 and 5 minutes (DeBoer and 
Campbell 1989; Haster and James 1994; Lee and Heaney 2003), 5 and 10 minutes 
(DiCenzo and Luk 1997; Jun and Ki 2000; Lenzi and Marchi 2000), 15 minutes (Lim 
2003) or 15 and 60 minutes (Horowitz 2003). It was found that the sampling time 
intervals became increasingly larger as the catchment’s size increased. The sampling time 
interval of 5 minutes was chosen based on the following factors: first, the hydrological 
response of both catchments is fast as both JW and AMK are relatively small catchments 
smaller than 70 ha in size. Second, trips were made during storm events to observe 
discharge patterns at the sampling station. It was observed that storm discharge colouring, 
as an indication of SSCs and other pollutants, changes rapidly approximately every 3 to 5 




2.7 Continuous turbidity measurements  
 
Turbidity levels for both catchments were monitored at 5 minute intervals 
continuously by the YSI Sonde 6920, of turbidity range 0 – 1000 NTU (see Plate 2.5). 
The advantage of continuous monitoring was to allow the observation of the effect of 
transient activities, such as, construction sites on sediment discharge. A wide range of 
turbidity values was observed during baseflow conditions, reaching higher values than 
those recorded during storm events. During baseflow, turbidity values are expected to be 
low. However, owing to transient activities as described by Lim (2000), indiscriminate 
dumping of sediment by construction sites is possible (see Plate 2.3).  
Continuous monitoring of turbidity levels of discharge is necessary because of the 
limited two hour sampling period by the automated sampler. In order to monitor multiple 
storm events that would occur over more than 3 hours, continuous turbidity measurement 
was needed. The use of turbidity levels as a surrogate for measuring SSC concentrations 
has been discussed in the literature (Jannsson 1992; Riley 1998 and Smith et al. 2003). 
Using turbidity also allowed continuous monitoring of water quality, especially SSC 
levels.  
The YSI turbidity sensor is designed to have a wiper arm (with sponge attached) 
turning clockwise and anti-clockwise to clean the sensor before a measurement is taken. 
During numerous trips to the field sites, the wiper arm (with sponge attached) of turbidity 
sensor was checked for any clogged debris or greasy material. Any foreign materials 
found on the wiper arm was removed and the sensor cleaned. Worn out sponges were 
replaced immediately. The turbidity sensor was calibrated monthly in the field site and 
the YSI sonde brought back to the laboratory bi-monthly for cleaning. The turbidity 
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sensors were calibrated using turbidity solutions standards of 100 NTU, 400 NTU and 
1000 NTU. 
2.8 Dissolved organic carbon analysis 
 
 Dissolved organic carbon (DOC) levels in stormwater discharge were analyzed. 
DOC is the sum of dissolved organic carbon in the sample. A sample of 60 ml was 
extracted from the filtrate after the filtering process for SSC. This sample was stored in a 
dark glass container with approximately 2 ml 1:1 nitric acid added to it. The dark glass 
was stored in the fridge before the analysis of DOC levels. The purpose of adding nitric 
acid and using a dark glass for storage under cold temperatures was to prevent biological 
growth in the filtered samples (Balakrishna et al. 2006). 
 The analysis for DOC levels was conducted in the laboratory using the total 
organic carbon (TOC) analyzer equipment, namely the Phoenix 8000 TOC analyzer.  
Samples were transferred to 40 ml VOA vials stacked in trays. These vials were pre-
rinsed with 10: 1 nitric acid, followed by a rinse with diluted water. The Phoenix 8000 
uses wet chemical methods for oxidation. To be specific, the process utilizes persulfate 
oxidation along with Ultra-Violet (UV) radiation. The sample was simultaneously 
exposed to persulfate ions and to UV radiation, producing highly reactive sulfate and 
hydroxyl-free radicals. In the process, the carbon dioxide (CO2) produced was swept by a 
stream of nitrogen gas to a non-dispersive infrared (NDIR) detector. This detector is 
sensitive to the absorption frequency of carbon dioxide and provides a signal proportional 
to the instantaneous concentration of CO2 in the carrier gas flowing through it. The NDIR 
uses electromagnetic radiation or infrared energy to measure CO2. The measurement is 
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proportional to the carbon in the sample. The detector output signal is linearized and as 
CO2 is transferred from the UV reactor, it is continuously monitored by the NDIR 
detector. The response is displayed in real time. Using calibration data, the DOC levels 
were calculated and concentration displayed as parts-per-million (ppm). The detection 
limit by this equipment was lowest at 2 parts-per-billion (ppb) and maximum measurable 
concentration was 10,000 ppm. The calibration of the equipment was done in two parts, 
namely, 0 – 20 ppm and 21 – 200 ppm. Results of the calibration are shown in Figures 
2.15 and 2.16. High R2 values of 0.9987 and 0.9318 respectively, were obtained. This 
indicates that the TOC analyzer was satisfactorily calibrated.  
  
Calibration of TOC curve at (0 - 20 ppm C) range






















Calibration of TOC curve at (20 - 80 ppm C) range





















   Figure 2.16: Calibration curve of total organic carbon curve at 20 – 80 ppm carbon 
range. 
2.9 Soil compaction measurements 
 
In this study, soil compaction was measured for the degree of anthropogenic 
disturbance on urban soils. A higher soil compaction would naturally increase soil bulk 
density which indirectly would reduce infiltration rate and increase Saturation Overland 
Flow (SOF) or Hortonian Overland Flow (HOF). In measuring soil compaction, the T 
163 pocket penetrometer was used to obtain an approximate measure of the shear 
resistance of the urban soils. This measured value was called the “point resistance” which 
is the force needed to penetrate into the soil. The penetrometer measures soil compaction 
in terms of PSI. The measurement also represents the Cone Index (CI) of soil. CI is an 
index of soil strength (Priddy and Willoughby 2006). The T 163 comes with 3 tip sizes 
with diameter sizes of 4.55 mm, 6.35 mm and 8.98 mm. For soft to medium soils, the use 
of the largest tip was recommended to obtain a good resolution. In the event that the 
largest tip is used, the values read on the scale must be divided by 2. Conversely, when 
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using the smallest tip, the value on the scale must be multiplied by 2.  As the medium tip 
represents the standard measurement, no further corrections were needed.  
During use, the PVC ring was verified at zero position without any compression. 
The appropriate tip was attached and the probe was pushed slowly into the soil keeping a 
constant axis of penetration until the resistance value became constant. Once constant 
resistance was achieved, the probe was pulled out of the soil slowly and value was 
recorded. The penetrometer was used to measure soil compaction in 7 different sites in 
JW and AMK. These sites represent different types of pervious cover in Singapore urban 
catchments (see Table 2.2). In this study, the largest tip of the penetrometer was used for 
all the 7 sites and the smallest tip for bare surfaces (only present in Jurong West).  
The results reveal points of resistance ranging from 6 – 13 PSI and 4 – 12 PSI 
respectively in JW and AMK. Despite lower points of resistance in AMK’s soils, both 
catchments were considered heavily compacted. Apart from compaction caused by heavy 
machinery during construction phase, JW showed clear signs of compaction due to 
human trampling. This was seen in numerous bare soil surfaces in grassed covered areas 
in the catchment. 
Table 2.2: Characteristics of the sites in Jurong West and Ang Mo Kio investigated for 
infiltration rates and compaction. 
Site Catchment Site characteristics 
1 Jurong West Grassed area beside housing flat 
2 Jurong West Grassed area under tree 
3 Jurong West Bare soil surface under tree 
4 Jurong West Bare soil surface at roadside  
5 Ang Mo Kio Grass area beside playground 
6 Ang Mo Kio Open grass area beside carpark 







2.10 Soil infiltration measurements 
 
The infiltration rate of JW and AMK urban soils were examined for their degrees 
of permeability. A high infiltration rate means high soil permeability which would result 
in high infiltration process, leading to lower SOF and HOF during storm events.  A 
double-ring infiltrometer was used to measure infiltration rates for an hour. The 
diameters of inner and outer ring were 12 and 24 inches respectively. The infiltration test 
was carried out at the same sites as the soil compaction test in both JW and AMK 
pervious surfaces. A wooden block was placed on top of both rings and a 10 lb sledge 
hammer was used to drive both rings into the soils. An ambney level was used to ensure 
that both rings were properly leveled into the ground. The rings were driven as deep as 
possible to depths of 5- 15 cm.  The infiltration test was started by pouring water into 
both rings concurrently. Extra care is taken not to disturb the surface soil structure. Water 
was supplied using two 250 liter capacity plastic oil drums. The water in the outer ring 
was maintained at the highest level to provide buffer against lateral flow from the inner 
ring. The drop in water level in the inner ring was recorded every minute and infiltration 






















Chapter 3 Storm Characteristics 
 
3.1 Introduction 
Tropical storms play the main role in transporting sediment into Singapore 
waterways. The characteristics of storm events, which include the magnitude, duration 
and intensity, have substantial implications for sediment removal and transportation. 
Short and intense rain events are favourable conditions leading to increased soil erosion 
and delivery (Chatterjea 1998; Lim 2000 and Lu et al. 2005). Moreover, convectional 
tropical storms have variable magnitudes and intensities. Singapore’s climate is generally 
influenced by the Southwest (SW) and Northeast (NE) monsoon periods. The annual 
monsoon periods exert strong effects on monthly rainfall during monsoon and post-
monsoon periods (Chia and Foong 1991).  Therefore, it would be appropriate to explain 
briefly the characteristics of the two monsoons. 
The NE monsoon occurs every year from October to January, bringing higher 
amount of rainfall than the SW monsoon. As it is winter in the northern hemisphere, a 
zone of high pressure is created there. As the southern hemisphere is experiencing 
summer  at the same time, a low pressure zone is created there. This low pressure zone is 
known as the monsoon trough. This prompts cold and strong wind (the southern 
subtropical jet) to blow from the north-east direction of the Asian continent (high 
pressure) to the low pressure region. It also creates dry air streams which produce clear 
skies over India. On the other hand, cloudiness and large amounts of rain is experienced 
in Singapore and Malaysia, especially on the east coast of Malaysia. As the NE monsoon 
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approaches the month of February, lower rainfall conditions prevail, signalling the end of 
the NE monsoon and the transition to the SW monsoon. 
The SW monsoon which occurs from June through September brings a higher 
rainfall to the Indian continent as opposed to the NE monsoon period. During this 
summer period, the Great Indian Desert and the adjoining areas of the northern and 
central Indian subcontinent heats up considerably and creates a low pressure area over the 
northern and central Indian continent. The difference in pressure between the two zones 
causes moisture-laden winds from the Indian Ocean to flow into the central Indian sub-
continent. The winds are drawn towards the Himalayas, bringing storm clouds towards 
the Indian subcontinent, across to as far as eastern Philippines. At this point of time, 
orographic precipitation is formed upon reaching the Himalayan region, delivering heavy 
rains within the subcontinent and the Northern Southeast Asia. However, Singapore and 
Peninsular Malaysia experience dry conditions due in part to the rain shadow effect of the 
Sumatran Highlands. With the understanding of the two monsoons in place, the temporal 
rainfall patterns of Singapore can be understood more clearly with the goals underlined in 
this chapter.  In this chapter, characteristics of storm events, annual rainfall and 
significant dry periods are examined. Moreover, variations in monthly or yearly rainfall 
from past studies are also reported. 
3.2 Individual storm events 
 
The sampling program started from February 2005 through to September 2006. A 
total of 120 and 106 storm events were recorded in Jurong West (JW) and Ang Mo Kio 
(AMK) respectively. These storm events were of magnitude 2 mm and above. In Chia 
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and Foong (1991), storm events recording smaller than 2 mm were omitted. Therefore for 
better comparison, storm events recording less than 2 mm were also omitted in this study. 
3.2.1 Magnitude, intensity and duration 
The characteristics of individual storm events as observed in this study comprised 
short and highly intense storm systems, often described as tropical convective storms 
(Chia and Foong 1991 and Lim 2000). These storms are usually highly localized and 
their duration could range from a few minutes to an hour. Occasionally, large storm 
events do occur, especially during the NE monsoon period. Storms of such large 
magnitude could last more than an hour. The relation between storm magnitude and 
duration is shown in Figures 3.1 and 3.2. Generally, large storm events tend to last longer 
even though occasionally the difference in terms of duration is less significant when 
compared to the smaller magnitude storms. Watts (1955) commented that as much as 50 
% of storm events in Singapore lasted about an hour. In this study, 50 – 62 % of the 












Figure 3.1: Relation between storm magnitude and duration in Jurong West. The data 

















Figure 3.2: Relation between storm magnitude and duration in Ang Mo Kio. The data 
shows 62% of storm events last about an hour. 
 
Chatterjea (1994 and 1998) also claimed that generally a larger magnitude storm 
event would have a longer duration, even though her study in Northern, Western and 
Central parts of Singapore has shown that a lower magnitude storm event could possibly 
have a longer duration than a larger magnitude event. She has also recorded rainfall 
lasting 7 hours. In similar parts of Singapore, Rezaur et al. (2003) have recorded 
rainstorms lasting from 12 – 293 minutes. Foong (1992) described how the majority of 
rainstorms in Singapore lasted less or equal to 30 minutes. He stated that 38%, 13.4% and 
7.9% of storm events would last equal or less than 30 minutes, 20 minutes or 10 minutes 
respectively. Similarly, in this study, JW shows 22%, 15% and 3% and AMK shows 
27%, 14% and 5%. 
In this study, similar findings were also observed.  For example a large 36.6 mm 
storm event occurring on 11/05/06 lasted 37 minutes while a small 4.4 mm storm event 
occurring on 24/02/06 lasted 54 minutes. As shown in Figures 3.1 and 3.2, smaller 
magnitude storm events could actually have longer duration. This implies that even 
though a small storm event is commonly observed to be of short duration, or a large event 
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to be long in duration, there are incidences whereby events in JW and AMK deviated 
from the norm. For example, a large magnitude and high intensity storm event might 
occur for 30 minutes or a small and low intensity storm event nearly an hour or more.  
 The frequency of storm magnitude in JW and AMK can be seen in Figures 3.1 
and 3.2. There is a strong concentration of storm events below 20 mm. Such patterns 
become more scattered when storm magnitude increases. Figure 3.3 shows the quantile 
distribution of storm magnitude recorded. It shows that smaller storms of less than 20 
mm were often experienced. The third quartile range which comprised of storm 
magnitude exceeding 20 mm and 15 mm in JW and AMK respectively accounted for 
only 24% of the total storm events in both catchments. Ho and Ong (1980) claimed that 
frequency of low magnitude rainfalls recording ≤ 5 mm can be 89.4 times more than 
rainfalls recording ≥ 100 mm. In this study, the number of storm events measuring ≤ 5 
mm as compared to events measuring ≥ 1 0 0  mm is n o t as h igh as what Ho  an d Ong 
(1980) observed. In JW and AMK, an exceptional large storm occurring during the NE 
monsoon period, on 08/01/06 resulted in rainfall exceeding 100 mm. In JW, the storm 
magnitude was 149.6mm and there were 37 times more storm events measuring ≤ 5 mm 
than rainfall recording ≥ 100 mm. In AMK, storm magnitude was 134.4 mm and there 
were 30 times more storm events measuring ≤ 5 mm. 
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Figure 3.3: Quantile values of storm magnitude in Jurong West and Ang Mo Kio. The 
third quartile range which accounts for storm events larger than 20 mm and 15 mm in 
Jurong West and Ang Mo Kio respectively accounts for 24% of total storm events 
sampled. 
 
Varying storm intensities were experienced during tropical storms, and intensities 
at the 5th, 10th and 30th minute were recorded at JW and AMK. Quantile values of these 
storm intensities are presented in Figures 3.4 and 3.5. Results show decreasing storm 
intensity from the 5th minute to the 30th minute, demonstrating the intense rainfall during 
the beginning of a storm event.   
However, there were storm events that exhibited an increase in intensity from the 
5th to 30th minute or both positive and negative changes in intensity between the 5th to 
10th minute and the 10th to 30th minute. In order to show these variable changes in storm 
intensity, storms with duration ≥ 30 minutes were selected and they accounted for 78% 
and 73% of total storm events in JW and AMK respectively (see Figures 3.6 and 3.7). An 
examination of the storm intensities between the 5th to 10th, 10th to 30th and 5th to 30th 
minute showed that the intensity change ranged from less than ± 10 mm/hr to more than 
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± 50 mm/hr. In addition, it was also observed that the change in storm intensity also 
became more pronounced when the storm magnitude increased (see Figures 3.6 and 3.7). 



















Figure 3.4: Changes in storm intensity from the 5th to 30th minute in Jurong West. The trend 
showed lower intensity was experienced in the 30th minute of storm events but little change in 
intensity was seen between the 5th and 10th minute. 
 



















Figure 3.5: Changes in storm intensity from the 5th to 30th minute in Ang Mo Kio. The trend 
showed decreasing storm intensity from the 5th to 30th minute during storm events. 
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Change from 5th to 10th min Change from 10th to 30th min
 
Figure 3.6: Changes in storm intensity in Jurong West. Positive values indicate a decrease in storm intensity either from the 5th to 10th minute or the 10th to 30th 
minute. Negative values indicate increase in storm intensities either from the 5th to 10th minute or the10th to 30th minute. Note that there were few events which 
show an increase in intensity from the 5th to 30th minute. The increase in storm magnitude is represented by the increase in storm event numbers. 
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Figure 3.7: Changes in storm intensity in Ang Mo Kio. Similar principles of positive and negative values from Figure 3.5 apply here and a similar trend is also 
observed. The increase in storm magnitude is represented by the increase in storm event numbers.
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There were few differences in the figures on observed storm intensities between 
previous studies and this study. In the present study, the 5th and 10th minute storm 
intensity in JW were recorded at 2.41 – 110.58 mm/hr and 1.20 – 117.01 mm/hr 
respectively and in AMK, it was 2.41 – 127.71 mm/hr and 1.20 – 101.80 mm/hr 
respectively. Chatterjea (1994 and 1998) recorded storm intensities (measured at the 7th 
minute storm intensity criteria) at 8 – 96 mm/hr. Rezaur et al. (2003) on the other hand, 
recorded storm intensities (measured at the 5th minute storm intensity criteria) of 2 – 240 
mm/hr. 
  Using the 5th minute intensity, storms that last 5 – 20 minutes were being 
compared with storms lasting 60 – 70 minutes. In JW, the intensity of these shorter 
duration storm events ranged from 9.64 – 67.47 mm/hr and 4.82 – 106.02 mm/hr for 
longer duration storm events. In addition, data for AMK showed that these shorter 
duration storm events have higher storm intensities than longer duration storm events. 
Their intensities ranged from 9.64 – 127.71 mm/hr as compared to 1.2 – 43.11 mm/hr in 
longer duration storm events. With reference to Foong’s (1992) claim that storm events 
of 5 – 10 minutes can have intensities comparable to storms lasting for more than an 
hour, the same storm characteristics were observed in this study. However, it also 
suggested that longer duration storm events may not always necessarily lead to higher 
intensity storm events. Therefore, even though tropical storms have been generally 
characterized as short in duration but intense, it should also be emphasized that events 
may be unpredictable. For instance, large storm events might be described as large in 
magnitude but could either be high or low in intensity. 
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3.2.2 Antecedent dry period 
 
Throughout the sampling period, there were occasions when no rainfall was 
experienced for 2 – 3 days consecutively. 2 – 3 dry days seems to be the norm in 
Singapore’s wet tropical weather. However, longer antecedent dry periods (API) during 
some months as compared to other months were expected. Daily rainfall during these 
drier months are shown graphically in Figures 3.8 and 3.9, and summarized in Table 3.1. 
The longest antecedent period in JW ranged from Ap10 – Ap15 and in AMK, from Ap6 – 
Ap17. Lengthier antecedent dry period was experienced in the month of February. This is 
because late January usually marks the end of the NE monsoon period where smaller 
storm events start to occur. These results are comparable to past records by Chia and 
Foong (1991) which showed that the highest antecedent dry period ranged from Ap15 – 
Ap30 in the 1960s and 1970s. However, no antecedent dry period of more than 20 days 
was experienced in this study. In the past, a distinctive long dry period was experienced 
in all months, except May, November and December. In this study, longer antecedent dry 
periods were only experienced in drier months (see Table 3.1). In other months, 
antecedent dry periods do not exceed Ap3. 
Table 3.1: Length of antecedent dry period during dry months in Jurong West and Ang 
Mo Kio. 
Jurong West Ang Mo Kio 
Month Api range (days) Month Api range (days) 
February 2005 4 – 13 February 2005 2 – 17 
March 2005 2 – 10 June 2005 2 – 6 
June 2005 2 – 13 February 2005 3 – 13 
February 2006 3 – 15 September 2005 2 – 7 
August 2006 3 – 14   
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Figure 3.8: Daily rainfall during dry months in Jurong West. The longest antecedent period ranged from Ap10 – Ap15. Rainfall lower than 2 mm is regarded as 
non-storm event. 
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3.3 Monthly rainfall 
The monthly rainfall distribution during the sampling period of 20 months is 
shown in Figures 3.10 and 3.11. The average monthly rainfall for JW and AMK from 
February 2005 till January 2006 were 245 mm and 238 mm respectively. JW and AMK 
recorded the highest rainfall in May 2005, amounting to 589.4 mm and 412.8 mm 
respectively. JW recorded the least rainfall of 69.2 mm in June 2005 and AMK’s lowest 
rainfall of 78.2 mm was recorded in February 2006.  Both catchments experienced higher 
rainfall during the NE monsoon period. The NE monsoon period which spans from 
October till January received the highest amount of rainfall and accounted for 
approximately 42% of total annual rainfall in this study. January 2006 received the 
highest rainfall during the NE monsoon period. JW and AMK received 459.2 mm and 
399 mm of rainfall respectively. Such high rainfall dropped drastically (70% to 80%) in 
February as it marks the end of the wet monsoon period. The transitional months (April 
and May) to SW monsoon period also received relatively higher rainfall. Even though the 
NE monsoon period accounts for a large percentage of total annual rainfall, not every NE 
monsoon months have rainfalls that are higher than the annual average. For instance 
November 2005 in JW and December 2005 in AMK, did not record higher than monthly 




Figure 3.10: Monthly rainfall distribution of Jurong West from February 2005 till 
September 2006. The average monthly of 245 mm is shown by the dotted line. 
 
 
Figure 3.11: Monthly rainfall distribution of Ang Mo Kio from February 2005 till 








 Monthly rainfall measured in this study showed slight differences from the past 
records. In the past, the month of December (NE Monsoon period) always saw the 
highest rainfall. But, in this study, January 2006 recorded the highest rainfall during the 
monsoon period in both catchments. Previous documentation also indicated a tendency 
for higher rainfall in the month of April compared to May. Figures 3.10 and 3.11 show 
the year 2006 reflected similar trends but in 2005 more rainfall was recorded in the 
month of May rather than in April. In fact, the amount of rainfall in May 2005 was even 
higher than those recorded during the NE Monsoon months (October 2005 till February 
2006). The month of March, especially March 2005, in this study received low rainfall. 
Both exceptionally high and low rainfall patterns in May and March were not well-
reflected in the data collected by Chia and Foong (1991).  
In accordance to the literature (Chia and Foong 1991; Lim 2000 and Lu et al. 
2005) Singapore’s monthly rainfall levels are uniformly distributed as there is no 
distinctively dry period. However, observations in this study show the effects of annual 
monsoon period especially during and post events where there were months during which 
rainfall exceeded the annual average. Moreover, there were also distinct low rainfall 
periods (< 125 mm) and normal periods whereby rainfall exceeds 125 mm but remains 
below monthly average. The distinctively drier months in JW were February, March and 
June in 2005 and February, August and September in 2006. In AMK, the dry months 
were February and June in 2005, and February and September in 2006. As shown in 
Table 3.1, these dry months have longer antecedent period than other months of the year. 
In JW, the wet months were May, July, October and December in 2005, and January and 
April in 2006. In AMK, the wet months were May, September, October and November in 
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2005, and January and April in 2006. The other months may be described as normal 
months as they did not record unusually high nor low rainfall to be suitability categorized 
in the former two categories. Thus, even though it has been widely described that 
monthly rainfall in Singapore is uniformly distributed, primary rainfall data collected in 
this study does not truly reflect of such a pattern. Thus, it is reasonable to classify the 
months as either wet, normal and dry months according to their rainfall amounts with 
reference to the monthly average. 
The characteristics of storm events such as the magnitude, duration and intensity 
differ between the wet, dry and normal months. Figures 3.12 – 3.15 show that storm 
magnitude and duration were higher during the wet period. This is justified since the 
highest amount of rainfall was recorded. In AMK, storm duration was longer in the dry 
period than the normal period. In earlier sections, it was shown that the characteristics of 
tropical storms were inherently complex. Even though there was an association between 
large magnitude storms with longer storm duration (see Figures 3.1 and 3.2), there were 
also exceptional cases whereby small magnitude storms might have a longer duration 
than large storms. This may explain the unusually long storm duration in AMK in the dry 
months compared to the normal months (see Figure 3.15). Similarly, highly intense 
tropical storms were often experienced regardless of any month or period. Therefore 
there is no distinct difference in storm intensity (5th minute) during any period (see 
Figures 3.16 and 3.17). 
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Figure 3.12: Quantile values of Jurong West 
rainfall, showing decreasing magnitude from 
wet to dry periods. 
Figure 3.13: Quantile values of Ang Mo Kio 
rainfall, showing decreasing magnitude from 
wet to dry periods. 












































Figure 3.14: Quantile values of Jurong West 
storm duration, showing decreasing duration 
from wet to dry period. 
Figure 3.15: Quantile values of Ang Mo Kio 
storm duration, showing decreasing duration 
from wet to dry period. However, dry period 
















































Figure 3.16: Quantile values of Jurong West 
storm events at the 5th minute intensity. There 
is no distinctive difference at the 5th minute 
storm intensity among three periods. 
Figure 3.17: Quantile values of Ang Mo Kio 
storm events at the 5th minute intensity. Despite 
normal period showing higher storm 
intensities. There is no distinctive difference at 
the 5th minute storm intensity among three 
periods. 
 
3.4 Annual rainfall 
The total annual rainfall of both catchments may not differ much from past 
rainfall records documented by Chia and Foong (1991) as Singapore continues to receive 
rainfall exceeding 2000 mm annually. However, few variations are still being observed. 
Total annual rainfall for JW and AMK calculated from February 2005 till January 2006 is 
2932 mm and 2856 mm (see Figures 3.10 and 3.11). This is compared to the past records 
from Chia and Foong (1991) whereby JW’s annual rainfall measures 2112 mm and is 
lower than AMK rainfall amount of 2227 mm. It is also found that annual rainfall in JW 
and AMK almost reached the 3000 mm mark, and this study has recorded in excess of 
820 mm and 629 mm in JW and AMK respectively compared to past records. The excess 
amount recorded a quarter to a third of the total rainfall received in this study and is 
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attributed to the unusually high rainfall during May 2005 (higher than monsoonal 
months) that was not experienced in the past. 
In the past, AMK, which is centrally located in Singapore (see Figure 2.1) 
recorded 2227 mm of annual rain while JW measured only 2112 mm. It has been 
commented in the past that higher rainfall in AMK represents spatial rainfall patterns in 
Singapore that decreases in rainfall levels from the inland towards the coast (Chia and 
Foong 1991). However, in this study, this phenomenon is observed only in specific 
months (March, June, September, October and November 2005) (see Figures 3.10 and 
3.11).  Overall, not only did JW recorded higher annual rainfall than AMK, annual 
rainfall for both catchments also came closer towards the 3000 mm mark. Overall, 
Singapore’s annual total rainfall is unlikely to change significantly. However, global 
climate patterns such as El Nino and La Nina affecting South East Asia would also affect 
Singapore’s weather patterns, especially its rainfall amounts. 
3.5 Conclusion 
Tropical storm events in Singapore are highly localized and high in intensity. 
Depending on their magnitude, the duration of most storm events are found to last from 
minutes to an hour. However, large magnitude storms could exceed an hour in duration. 
The majority of storm events ranged from 2 mm to 30 mm, in exceptionally large storm 
event, storm magnitude could reach 70 mm or exceeding 100 mm in rare occasions. 
Storm intensity varies when readings were taken at the 5th, 10th and 30th minute. 
However, storm intensity can also fluctuate between these different times during a storm 
event. In short duration storms, intensity could  range from 9.64 – 67.47 mm/hr. Large 
magnitude storm events which are often longer in duration saw intensity ranging from 
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4.82 – 106.02 mm/hr. The longer antecedent dry period ranged from 6 – 17 dry days in 
both catchments and often occurred during post NE monsoon period (month of 
February). Otherwise, 3 – 5 antecedent dry days were commonly experienced in other 
months. 
Singapore’s rainfall may often be described as uniformly distributed throughout 
the year but in this study, there were months which observed periods of high rainfall 
above the monthly average (245 mm for JW  and 238 mm for AMK) and drier periods 
whereby rainfall levels fell below the monthly average. Monthly rainfall pattern showed 
the NE monsoon period spanning from October till January continues to record high 
rainfall amount as compared to other months in the year. It should be highlighted that the 
highest rainfall in both catchments was recorded in May 2005. Due to this unusually wet 
month, JW and AMK both recorded high annual rainfall (almost reaching 3000 mm 
mark) for that year. Compared to past annual rainfall records by Chia and Foong (1991), 




Chapter 4 Runoff response to storms 
Abstract 
 
The storm runoff response of the two small urban residential catchments in Jurong 
West (JW) and Ang Mo Kio (AMK), Singapore were examined. Storm events with 
variable change in intensities have led to multi-peak hydrographs that were more 
frequently experienced during periods of higher rainfalls. Hydrological responses in 
terms of runoff ratio, lag time and ‘time to peak’ (Tp) were mainly influenced by storm 
and catchment characteristics. During wet period, the runoff ratio was higher than normal 
and dry periods. With a higher impervious land cover, JW exhibited higher runoff ratios 
and shorter lag time than AMK. However, AMK’s smaller catchment has led to shorter 
Tp than JW. Multivariate analysis showed storm magnitude and duration to be strongly 
correlated with lag time. However, bivariate analysis between different storm intensities 
times (e.g. at the 5th, 10th and 30th minute) with lag time was weak. This suggests a strong 
influence of catchment drainage over storm intensity which in turn influences lag time. In 
addition, it was difficult to attribute a specific time of storm intensity (e.g at the 5th, 10th 
and 30th minute) which will influence lag time. This is because tropical storm intensity is 
constantly changing throughout storm events.  In view of land scarcity amidst increasing 
population, the government should work towards enhancing the permeability of urban 
land surfaces to ensure a reduction in runoff velocity and pollutant discharge into the 
waterways. 
Keywords: Storm hydrograph, Single peak, Multi-peak, Lag time, Time to peak, Land 
cover, Urban tropics, Singapore   
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4.1 Introduction  
 
  Studies on the impact on hydrological and geomorphological aspects of 
urban environment have shown that urbanization brings significant changes to land 
surfaces and exerts direct effects on surface hydrology (Whipple et al. 1981; Gupta 1982; 
Douglas 1993; Barringer et al. 1994; Stephenson 1994; Dow and Dewalle 2000; and Goh 
2003). Flow paths were altered, leading to more overland flow which has indirectly led to 
large accelerated runoffs in a short period of time. Geomorphological modifications have 
also resulted in frequent slope failures, leading to extensive property damages and 
increased flood risks. 
 The increase in soil erosion and sediment delivery are key problems arising from 
urbanization. This problem is primarily the result of natural streams channel 
modifications, which endanger the stream aquatic ecosystem (Wolman 1967; Hammer 
1972; Konrad et al. 1985; Trimble 1997; Henshaw and Booth 2000; Nelson et al. 2006 
and Poff et al. 2006). Accelerated runoffs from highly impervious surfaces in urbanized 
areas leads to higher stream flow velocity, causing stream bank erosion and streambed 
modifications. These effects lead to streambed scouring and an expansion of stream 
channels.  
 Sediment from stream channel erosion can alter the sediment budget of 
catchments and also exacerbate sedimentation problems in receiving waters. Channel 
modification is an exemplary example of human activities impacting the natural 
environment. However, the modification of natural streams channels might not be 
prominently seen as a problem in some cities such as Singapore (Lu et al. 2005), Kuala 
Lumpur, Malaysia (Balamurugan 1991) and Hobart, Australia (Lee 2002). This is 
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because natural streams in these places have been replaced by man-made concretized 
drainage channels which are strictly built to counteract flooding. However, this does not 
undermine the hydrological impact of urbanization in these cities. Hydrologic changes 
from urbanization are important because alteration in the land surface reduces infiltration, 
which indirectly reduces groundwater recharge. Given less vegetation cover, there is less 
evapotranspiration in urban watersheds than rural watersheds. Sediment exports from 
urban anthropogenic activities also enhance accelerated runoff. Instead of channel 
erosion, sediments are generated from/ produced by/ accumulated from construction sites, 
poor vegetation cover and transportation land surfaces (Grimshaw and Lewin 1980; 
Bhaduri et al. 1995 and Harbor 1999). Pollutants in urban runoffs, stemming from the 
wash-off of urban soil, dust and debris from the impervious surfaces also leads to stream 
water quality impairment (Novotny and Olem 1993). 
 Jones (1997) suggested two approaches to demonstrate the impact of urbanization 
on hydrology. The first approach is in-pair comparison which entails comparing two 
watersheds with different degrees of urban development but with similar climatic and 
geological characteristics. If it contains many other smaller sub-watersheds with varying 
land covers (e.g. urban and rural land use). The changes in hydrological flow processes 
would exhibit the impact of urbanization. For an example, a catchment can comprised of 
several different smaller watersheds. If a less urbanized watershed is located at upstream 
and a higher urbanized watershed at downstream, the gauging station at the downstream 
will record a higher peak flow (Sheeder et al. 2002).  
 Sheeder et al. (2002) showed different hydrological responses between a fully 
urbanized and a partially urbanized catchment by studying three different types of 
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watersheds in Central Pennsylvania – completely rural, mostly rural but with 
considerable urbanization near the mouth of the watershed, and heavily urbanized. The 
Lower Slab Cabin and Thompson Run hydrographs exhibited two peaks. The first peak 
marked the response of precipitation falling from urban areas and the second peak the 
response to runoff from rural areas or non-urban areas. Such a trend reflected the 
efficiency of the drainage area, and the spatial distribution of impervious and less-
impervious areas (rural). However, the presence of dual peaks was also highly dependent 
on the magnitude of the storm event. Apparently, the rural peak did not surface unless 
rainfall exceeded 0.6 inches (15.24 mm). The presence of multiple peaks is also 
explained by Aron and Adl (1992) who see urban and non-urban areas as separate 
homogenous types of land surfaces. They believe that different lag times will occur on 
different land surfaces capable of producing separate peaks in a catchment. 
 Chang (2007) examined 4 watersheds in varying degrees of urban development. 
Among the 3 less developed watersheds, the most rural watershed exhibited the highest 
mean annual runoff ratio and the least rural watershed the lowest. Higher precipitation 
and lower temperature in the least rural watershed accounted for the highest runoff ratio, 
indicating that urbanization was not the most significant factor in determining total runoff 
amount. During the wet season, higher runoff ratios (ratio of storm event runoff to storm 
total rainfall) were experienced in more developed areas. However, between the wet and 
dry season, high peak flows from highly urbanized area were still observed, showing 
minimal influence of soil moisture on impervious runoff. In the rural watersheds, the 
impact of wet and dry season on soil moisture led to differences in runoff amounts. 
Besides land cover, streamflow increased fairly rapidly in response to rainfall events in 
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small urban watersheds,. This behaviour by small urban watersheds has also been 
highlighted by Walling (1983) and Mossa (1996).   
 A study by Smith et al. (2005) in the two small drainage catchments in Dead Run 
Watershed (Baltimore County, USA) showed that a higher discharge volume was 
generated in the catchment with higher impermeable surfaces. This was also reflected by 
the higher values of runoff ratio. Similarly, Rose and Peters’s (2001) comparison between 
urban and rural watersheds in Atlanta, USA demonstrated 30 – 100% higher peak flow 
levels in the urban watershed. There were also lower storm recession periods and lower 
baseflow levels as a result of lowered water tables. Poff et al. (2006) compared 158 
watersheds of different land use and land cover in the entire country of United States. 
Land cover of each watershed was further differentiated into different degrees of 
intensity. For instance, an urban watershed with more than 30% impervious cover is 
considered a high-density urban area. Results show the least disturbed area to have a 
lower peak flow while higher impervious areas showed higher frequency of flashiness in 
flow variability.  
 Other studies by Brown (1988), DeWalle et al. (2000) and Bhaduri et al. (2001) 
also depicted large significant changes in annual runoffs with increased imperviousness 
in cities in USA. Besides runoff volumes and runoff ratios, study by Burns et al. (2005) 
used peak discharge and lag time to show urbanization effects among three watersheds 
comprising of undeveloped, medium and high density developed areas in Croton River 
Basin, New York, USA. The shortest lag time and highest peak discharge were 
experienced in the most developed area. However, the longest lag time and lowest peak 
discharge, was not experienced in the undeveloped but in medium-density developed 
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area. It was found later that the presence of wetland and septic leach fields have resulted 
in a slower runoff response in the watershed. Konrad et al. (2005) in their study of 16 
small and medium-sized urban and suburban watersheds in Seattle, USA identified urban  
streams compared to suburban streams caused more rapid storm flow recessions and 
lower wet-season baseflows. This lower baseflow is an indirect consequence of reduced 
infiltration, thereby reducing the water recharge to the water table. 
 The second approach refers to the hydrological monitoring of a watershed that has 
undergone urbanization over a period of time. Past hydrologic records are needed in this 
second approach. For example, Olivera and DeFee (2007) documented the changes in 
annual runoff depths and peak flows on urbanization effects and changes in precipitation 
patterns in Whiteoak Bayou watershed, Texas (USA) and found that a 10% change in 
impervious cover would lead to a 77% and 32% increase in annual runoff and peak flow 
respectively. Both changes in urbanization and precipitation have lead to changes in 
watershed hydrologic responses. Jennings and Jarnagin (2002) also documented a 
significant increase in streamflow responses in Virginia, USA where its impervious areas 
increased from 3% to 33% from 1949 – 1994.    
   Wolman (1967) introduced the three – stage sequential model of the effect of 
urbanization in a drainage basin based mainly on a study of expanding city centers in 
Baltimore and Washington in the USA in the 1960s. The three-stage process arises with 
the removal of natural vegetation and its replacement with impermeable surfaces. 
Accelerated runoffs generated led to strong channel erosion. The problem of flooding has 
also been highlighted with increased runoffs from the increased impervious cover, and 
the inability of natural streams to adjust to the rapid runoff from urban surfaces. Kang et 
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al. (1998) studied the runoff – rainfall relationship in the urbanizing On-Cheon Stream 
Watershed in Pusan, Korea. By comparing 1960s and 1990s hydrologic data, the 
watershed’s peak discharge increased while the lag time decreased. The travel time of 
floods become shorter than before because of a more efficient drainage network in the 
watershed.  
 A study by Changnon and Demissie (1996) embraced both approaches of Jones 
(1997). Their study of in-pair rural watersheds (Kankakee River and Iroquois River) in 
Illinois – Indiana, USA and in-pair urban watersheds (Des Plaines River and DuPage 
River) in Chicago, USA reflected the change in streamflow not only from the change in 
precipitation patterns but most importantly as a result of urbanization. An irrigation 
project to transform Kankakee into usable farmland led to channelization with ditches 
and drains being built. Both rural watersheds showed upward trends in their annual mean 
flows and annual peak flows from increased precipitation. However, irrigation work in 
Kankakee resulted in large fluctuations in the mean flow within the watershed. Statistical 
analysis showed a strong relation between urbanization on mean runoff. The proportion 
of the mean flow values explained by precipitation for the two urbanized basins were 
60.9% and 37% respectively in Des Plaines and DuPage watersheds, whereas those for 
the rural basins are 28% and 31% respectively for Kankakee River and Iroquois River 
watersheds. As an older and more urbanized watershed, Des Plaines has a higher mean 
flow and peak flow than Dupage. However, due to greater land use changes and changes 
in precipitation in DuPage, Des Plaines saw a 63% upward shift in mean flows (vs. 31% 
in Des Plaines) and also a 70% upward shift in peak flows (vs. 55% in Des Plaines). All 
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these evidence have further affirmed the considerable influence of urbanization on mean 
and flood flows.   
 A review of past literature shows such studies to be conducted mainly in non-
tropical regions. There is a distinctive lack of tropical urban hydrological studies. The 
literature also showed the impact of urbanization on runoff changes to be greater than the 
changes in precipitation patterns. In general the effects of urbanization on runoffs can be 
easily understood, but generalize the impact associated with broad, simplistic perception 
of urbanization should be avoided. In every urban watershed, the different styles of 
development (connectivity and conveyance of man-made surfaces, stormwater practices, 
and compacted area), sequencing of construction and degree of channelization yields a 
different impact on hydrologic responses and receiving streams (Wolman 1967; Trimble 
1983; Potter 1991; Booth and Jackson 1997 and Poff et al. 2006). Hydrological response 
in any land use, as mentioned by Dow and DeWalle (2000), is a representation of the 
complex relationship between rainfall and catchment characteristics.  
 In fact, studies that examine land use change show that a transformation of rural 
land use to low density urban land use (less than 20% impervious cover) does not exhibit 
any significant change in the annual runoff ratio (e.g. Brun and Band 2000, and Chang 
2003). Chang (2003) attributed the insignificant change in the annual runoff to the curve 
number (CN) of low-density residential housing which at 80 is slightly higher than the 
CN for croplands (75 – 77). The CN for high density development areas is 90. As the 
study used a combined model of ArcView GIS and Generalized Watershed Loading 
Function (AVGWLF) to estimate the surface runoff and CN is a major determinant 
variable input in the model, it is unsurprising that the average runoff does not increase 
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significantly in low density development areas. Similarly, Brun and Band (2000) have 
shown that a slight increase in imperviousness would not increase the runoff ratio 
distinctively either. These studies proved that urban systems have a threshold limit and 
once the catchment fails to adjust accordingly to the pace of development, its runoff ratio 
will increase. 
 In this study, Singapore serves as an excellent case study for urbanization impacts 
given the rapid pace of urban development (Gupta 1982), moreover, as explained in 
Chapter 1, hydrological impacts from urbanization research will be beneficial towards the 
nation’s water resources. As in other tropical cities, reliable field measurement data is 
currently lacking in Singapore. There is an extensive coverage of stations measuring 
rainfall  on the island but rainfall measurements far exceed streamflow measurements. At 
present, streamflow measurements are still strongly lacking. According to Mr Aw Kwong 
Yew, a technical supervisor of the Drainage Department of Public Utilities Board 
(Singapore), only simple stage recorders are installed to issue warnings against flash 
floods in low lying areas. Defenses against flood events are dependent on computer 
models simulations, which are believed to fail in big storm events, especially during the 
annual NE monsoon period.  
 In examining the hydrological impact of urbanization in Singapore, Dhillion and 
Rajasegaran (1985) have demonstrated this stand by observing a rise in peak flow in the 
developing 6.4 km2 Upper Bukit Timah Catchment in the 1980s. In other local studies, 
research is committed strongly solely to hydrological patterns documentation. Kaur 
(1981) tried to estimate a direct correlation between rainfall and runoff for the similar 
Upper Bukit Timah Catchment. This correlation was done for total daily, total storm, 
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mean monthly and mean yearly rainfall – runoff data. In the end, the correlation was 
inconclusive as reliable data to verify it was lacking.  
 Lee (1982) presented different hydrograph responses for six storm magnitudes 
ranging from 0.25 to 17 mm in a 0.05 km2 drainage basin that was 6% urbanized and 
94% vegetated. The hydrograph showed no response in a 0.25 mm storm event. A single 
peak was recorded in a 2 mm event. As rainfall increased from 3 mm onwards, the 
hydrograph response became multi-peaked with a gradual recession limb. Lim (2000) 
described hydrographs of mixed land use in the Queenstown Catchment. A single peak 
and gradual recession limb were documented in her study. 
 Lee (2001) showed fast and slow runoff responses in the Bedok catchment (710 
ha). However, the catchment hydrograph was influenced by contributions from sub-
catchments and comprised of residential areas of different densities. This study come 
closest to Jones’s (1997) first approach. However, the study dealt mainly with stormwater 
quality with less emphasis on the influence of land cover on runoff responses in urban 
areas. 
 The examination of past local studies shows the study of urbanization impacts on 
hydrological response in the tropics to still be in its infancy. This strongly justifies the 
need for this research to be conducted in Singapore. Given the paucity of past records of 
hydrologic data in high-density residential catchments, the variability in runoff response 
from land cover and catchment size differences could be derived from the study of Jurong 
West (JW) and Ang Mo Kio (AMK), based on Jones’s(1997) first approach. 
   The literature has shown a change in lag time to be a strong indicator of quicker 
hydrological responses due to land use changes (Wolman 1967; Gupta 1982; Kang et al. 
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1998; Rose 2003; Burns et al. 2005 and Vicars- Groening and Williams 2007). Similarly, 
an investigation of runoff ratios  also strongly indicated urbanization impacts on storm 
runoff (Smith et al. 2005 and Chang 2007). In this chapter, it is hypothesized that JW and 
AMK being small catchments (< 1 km2) with an impervious cover of > 50% will 
experience rapid runoff response. Through Geographic Information Systems, land cover 
mapping has also shown JW to have 84% impervious cover as compared to AMK which 
is 60%. Hence, AMK is expected to have higher runoff ratios and shorter lag times 
(Burns et al. 2005). Since both catchments are endowed with similar drainage network 
designs by the Singapore government, it is likely that AMK being a smaller catchment 
will have a shorter “time to peak” period. This chapter will examine the following:  
i) the  runoff responses of two small urban residential catchments under tropical 
storm events. 
ii) the influence of storm magnitude, intensity and duration on hydrograph 
response (lag time) under tropical storm events. 
iii) the influence of catchment characteristics on runoff ratio. 
4.2 Estimate of runoff response time during storm events 
 
 In the analysis of a catchment’s response to storm events, both lag time and time 
to peak are obtained from derived hydrographs.  Lag time is defined as the time from the 
center of mass of precipitation (time when half the precipitation had fallen) to the peak 
stream flow (Leopold 1991; Vicars-Groening and Willians 1998 and Banasik et al. 2005). 
It is used as a representative of catchment response to storm events because it is an 
integrated measure of the speed with which rainfall appears downstream as a runoff 
hydrograph. When runoff is generated quickly and measured at the catchment outlet, the 
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lag time will be short. Conversely, when the amount of runoff is reduced through a high 
absorption rate by the catchment storage, which later releases water slowly, the travel 
velocity will be low: Thus the lag time will be longer. In this sense, the lag time is a 
fingerprint of the drainage basin, reflecting the storage and velocity of water in its travel 
over the basin and down channel (Leopold 1991). ‘Time to Peak’ (Tp) analysis of 
hydrographs maps the time taken for runoff to flow from the remote part of the catchment 
to an outlet. It indicates the time for discharge levels to reach peak level from base flow 
levels (Gardner and Wilcock 2003). Both lag time and Tp are shown in a typical 
hydrograph in Figure 4.1. 
 
Figure 4.1: Depiction of lag time and time to peak in a hydrograph.  





4.3 Storm hydrographs  
 
 There are 120 and 106 storm events sampled for discharge levels in JW and AMK 
respectively. The hydrograph responses of both catchments were generally represented 
by rapid rising and falling limb. Storm hydrographs are typified by single- peak storms 
and events whereby discharges with more than 1 peak were seen during storm event 
(multi-peak storm event). It was found that 38% and 30% of total storm events were 
multi-peak storm events in JW and AMK respectively. The occurrence of these multi-
peak storm events were generally more frequent during the wet periods, accounting for 
47% and 39% in JW and AMK respectively. The dry period has the least number of 
multi-peak storm events (see Table 4.1). 
Table 4.1: Frequency of multi-peak storm events in Jurong West and Ang Mo Kio. 
Period Jurong West (%) Ang Mo Kio (%) 
Wet 47 39 
Normal 38 27 
Dry 33 27 
 
In highly impervious urban environments, accelerated runoffs are often generated. 
Under the conditions of small, intense and short duration storm events, quick rise and fall 
in discharge amounts will lead to single peak hydrograph storm events which are 
commonly observed in this study (see Figures 4.2 and 4.3). Multi-peak storm events as 
observed in past studies (Haster and James 1994; Aron and Adl 1992; Valeo and Moin 
1999 and Sheeder et al. 2002) indicated the potential of non-urban/ rural or pervious 
covers to contribute to rises in discharge levels in urbanized land use. Applying this 
explanation on the influence of pervious cover, the emergence of multi-peak hydrograph 
events in AMK is highly probable considering its significant 40% pervious cover. 
 77 
 
However, JW which has a lower pervious cover of 16% recorded a higher percentage in 
multi-peak storm hydrographs, suggesting that the catchment’s land cover may not be the 
key factor towards a multi-peak hydrograph.  

















































Figure 4.2: Single peak hydrograph of 17.2 mm storm event (20/06/06) in Jurong West. 
 










































Figure 4.3: Single peak hydrograph of 5.6 mm storm event (24/06/06) in Ang Mo Kio. 
 
Although large magnitude storm events are often triggers to multi-peak storm 
hydrographs. It is not the storm magnitude per se which causes it. The pulsating change 
in storm intensity during a storm event is the main trigger in numerous discharge rises 
(see Figure 4.4). Examples of storm events are shown as supporting evidence. For 
instance, there are large and highly intense yet short duration events that do not lead to 
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multi-peak hydrographs. An example is a 63 mm storm event occurring on 23/08/05 
shown in Figure 4.5. The increasing intensity at 40 to 80 mm/hr from the 5th to the 30th 
minute has led to a single peak storm event. Another example relates to the importance of 
variable change in storm intensity. During a small 5.4 mm storm event on 21/01/06 in 
AMK (see Figure 4.6), storm intensity fell at 1720 hrs and rose again at 1730 hrs, 
resulting in dual peak hydrograph.   
 











































































































(40.2 mm –  
06/06/06) and 
Ang Mo Kio 
















































Figure 4.5: A single-peak hydrograph from 63 mm storm event (23/08/05) in Jurong 
West. 
 















































Figure 4.6: A dual-peak hydrograph from 5.4 mm storm event (21/01/06) in Ang Mo Kio. 
 
4.4 Lag time and time to peak 
 
The lag time responses of JW and AMK from single-peak storm events are 
presented in Figure 4.7. This allows for a more objective assessment because single-peak 
hydrographs has a single-peak discharge compared to differing peak discharges in a 
multi-peak hydrograph which renders the identification of the lag time in consecutive 
peak discharge difficult. There were a total of 75 and 74 single peak storm events in JW 
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and AMK respectively.  Results clearly showed storm lag timing in both catchments to be 
almost identical. However, it also clearly showed that JW had a shorter lag timing than 
AMK. All things equal, JW’s lag time at the 75th percentile (18.5 mins) and maximum 
(41 mins) are shorter compared to AMK’s lag time at the 75th percentile (21.5 mins) and 
maximum (50 mins).  























Figure 4.7: Lag times of Jurong West and Ang Mo Kio. Jurong West has a shorter lag 
timing even though box-plot above shows almost similar lag timings.  
 
 
The Tp analysis of storm events was also carried out in the single peak storm 
events. The average, median and mode values of the Tp across different storm magnitude 
classes are shown in Table 4.2. As demonstrated by the mode values, JW’s Tp is found to 
occur between 10 to 20 minutes.  AMK showed a lower range of values from 5 – 10 
minutes. The median values of AMK’s Tp are also lower than JW. The average values of 
Tp in AMK are only higher than JW in the storm magnitude class of 2 – 4.8 mm. As the 





Table 4.2:  Average, median and mode values of Tp in Jurong West and Ang Mo Kio. 
Catchment Statistics Storm magnitude class (mm) 
2 – 4.8 5 – 9.8 10 – 14.8 15 – 19.8 ≥ 20 
Jurong 
West 
Average 12 16 17 19 23 
Median 10 15 17 20 20 
Mode 10 10 15 20 20 
Ang Mo 
Kio 
Average 20 10 8 23 16 
Median 12 10 7 25 17 
Mode 10 5 5 10 10 
 
Even though both lag time and Tp relate to catchment responses to storm events, 
lag time is believed to be more influenced by storm characteristics as it is calculated from 
the center of mass precipitation. Tp on the other hand takes into account of catchment 
characteristics as it relates to the time taken for the discharge to reach peak discharge 
from base flow levels. In Chapter 3, it has shown that the storm characteristics of JW and 
AMK do not differ greatly. Therefore, the similarity in lag timings between the two 
catchments is likely due to similar drainage infrastructure network adopted in public 
housing areas in Singapore. This would also mean similar storm runoff timings in both 
catchments. However, shorter lag time (see Figure 4.7) in JW is probably due to higher 
impervious cover (84%) than AMK which has less impervious surfaces (60 %). 
AMK showed shorter Tp than JW (see Table 4.2), due to its smaller catchment. 
Even though AMK may have a significant pervious cover, its influence in delaying Tp 
timing (average value) is only seen at lower magnitude class (2 – 4.8 mm). When the 
storm magnitude increased, this pervious cover gradually transformed into semi-
impervious surface when saturation levels were almost reached. Furthermore, it is 
important to note that AMK still possess a relatively high (60%) impervious cover. Thus, 
it is possible that its pervious cover, although relatively large, would be unable to negate 
the effects of quick runoff from its impervious cover. This argument is also supported by 
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Valeo and Moin (1999) who state that runoffs from impervious surfaces will still be 
dominant over large pervious cover in an urban catchment.  
 
 Statistical tests using single peak storm events are conducted to assess various 
storm characteristics (storm magnitude, intensity and duration) on the catchment’s lag 
time response. The multivariate equation to represent such a relationship in respective 
catchment is as follows: 
LT = a (SD) + b (SM) + c ---------------------------------------------------------- (Equation 4.1) 
LT = Lag Time (mins) 
SM = Storm Magnitude (mm) 
SD = Storm Duration (mins) 
Results of multivariate equations for the two catchments are as follows: 
JW: LT = 0.306 (SD) - 0.649 (SM) + 18.001 ---------------------------------- (Equation 4.2) 
AMK: LT = 0.254 (SD) - 0.45 (SM) + 19.179 ---------------------------------( Equation 4.3) 
Both multivariate equations (see Equations 4.2 and 4.3) are significant at the 95% 
confidence level and an examination of individual independent variables shows a positive 
relation between storm duration and lag time, and negative relation exists between storm 
magnitude and lag time (refer to Appendix 4A). The relationships appear admissible. 
Assuming that storm magnitude is constant, an increase in storm duration would decrease 
storm intensity and this will extend the storm hydrograph lag time. Similarly, assuming 
that the duration is constant, an increase in storm magnitude will increase the storm 
intensity which will decrease the lag time period.   
The effect of a high intensity storm event would naturally lead to a quicker runoff 
and a shorter lag time. Storm intensities at the 5th, 10th and 30th minute were assessed to 
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determine their effects on lag time. As storm intensities are outcomes of both storm 
magnitude and duration, it would be inappropriate to aggregate the three of them in the 
multivariate analysis with lag time. Tropical storms’ intensities have shown to vary in 
storm events, therefore it may be difficult to determine the appropriate intensity time that 
best represents a storm event. Thus, intensities at the 5th, 10th and 30th minute were 
analyzed individually in a bivariate analysis on lag time (see Table 4.3). An increase in 
storm intensity reduced lag time, which contributed to much negative R values seen in all 
storm intensities. In JW, a strong correlation between storm intensity (taken during the 
30th minute) and lag time was observed. In AMK, a higher correlation is seen in storm 
intensity during the 10th minute as compared to 5th and 30th minute storm intensity.  
Table 4.3: Pearson correlation between storm intensities and lag time . 
Catchment Storm intensity( Time) N R Significance 
Jurong West 5th 75 -0.371 0.001 
Ang Mo Kio 5th 74 -0.384 0.001 
Jurong West 10th 72 -0.469 0.000 
Ang Mo Kio 10th 70 -0.436 0.000 
Jurong West 30th 48 -0.564 0.000 
Ang Mo Kio 30th 47 -0.411 0.004 
N denotes single peak storm events only 
All results are significant at 95% confidence level (p < 0.05). 
 
The varying degree of intensity time in each catchment may be explained by their 
catchment size. A larger JW catchment could have possibly led to the 30th minute storm 
intensity correlating better than the 5th or the 10th minute. The smaller AMK catchment 
saw its 10th minute storm intensity having a better correlation than the 5th minute. The 
influence of storm intensities recorded at the 5th, 10th and 30th minute were found to be 
significant at 95% confidence level but the relationship between lag times and respective 
time intensities were weak with R values below 0.6. 
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The significant relationship of multivariate relationship between lag time with 
storm magnitude and storm duration indicate the high sensitivity of urban catchments to 
runoff responses generated from storm events. This is because the concrete drainage 
network within both catchments was designed to alleviate floods. On the other hand, a 
weak bivariate relationship between varying intensity times and lag time suggest that 
there are other factors influencing lag time. First, the lag time period represents the 
blueprint of storm responses in the catchment and it is also difficult to attribute a storm 
intensity to a tropical storm event as these storms’ intensities are highly variable and 
changing. Therefore, it would be inaccurate to attribute the influence of lag time to any of 
the storm intensity timings. Second, according to engineering drainage requirements, 
quick overland flow over impervious surfaces is estimated to be 5 – 15 minutes, this 
would imply a quick discharge of runoff out of catchments regardless of any storm events 
(PUB 2000). Therefore, the effect on lag time response would not be significant with 
changes in intensity due to the artificial drainage design of the catchments. This is further 
supported by very similar lag timings in both catchments, despite differences in land 
cover and size (see Figure 4.7). Thus, it seems that catchment characteristics may be 
more significant than storm intensity in influencing lag timing. 
4.5 Storm runoff ratio 
 
 The runoff depths and rainfall depths of 120 and 106 storm events in JW and 
AMK respectively are plotted against each other in Figures 4.8 and 4.9. The mean runoff 
ratios of JW and AMK were calculated and shown in Table 4.4.  
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Relation between runoff and rainfall depth in Jurong West





















Figure 4.8: Storm rainfall depth (mm) vs runoff depth (mm) for storm events in Jurong 
West. 
 
Relation between runoff and rainfall depth in Ang Mo Kio



























Table 4.4: Average runoff ratios in Jurong West and Ang Mo Kio. 
Month type Jurong West Ang Mo Kio 
Wet 0.63 0.57 
Normal  0.60 0.54 
Dry 0.48 0.45 
 
The efficient translation of rainfall into runoff is seen in both figure plots with R2 
values of 0.9108 and 0.962. This is a testimony of both catchments’ effective drainage 
capabilities. The average runoff ratios of JW are higher than AMK’s, reflecting the role 
of the catchment’s higher impervious surface on its runoff evident in its shorter lag time. 
In addition, the influence of different periods of varying rainfall on runoff was also 
clearly demonstrated. Even though similar runoff ratios are seen between the wet and 
normal period, a higher runoff was evident during the wet period. As such, the runoff 
ratio during the wet period was distinctly higher than the dry period. During the dry 
period, low magnitude storm events were frequent, therefore leading to a lower runoff 
ratio. For example in AMK, it is more likely that rainfall was absorbed by its 40% 
pervious cover, thereby reducing its runoff ratio during the dry months. On the other 
hand, there was low infiltration rate during the wet and normal months because of higher 
antecedent moisture conditions in the pervious cover. This generated both Saturation 
Overland Flow (SOF) and Hortonian Overland Flow (HOF) over the pervious cover. 
Therefore, during the wet and normal periods, higher magnitude storm events generated 
higher runoffs from highly impervious surfaces in JW and AMK. In comparison to AMK, 
higher impervious cover at JW led to higher runoff ratio and higher runoffs was also 
generated due to additional quick flow (SOF and HOF) generated from the pervious 
cover when storm intensity exceeded infiltration rate. 
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4.6 Conclusion and management implications  
  
 This chapter has sought to investigate the runoff response of two small urban 
residential catchments. The runoff responses are based on lag time and Tp timings 
derived from single-peak storm hydrographs plotted with primary hydrological data 
collected from months of varying rainfall levels during the sampling period. The effects 
of storm characteristics, namely, storm magnitude, intensity and duration, together with 
catchment characteristics such as size and land cover, affected runoff responses. 
  Both the single and multi-peak hydrographs were observed in JW and AMK. 
These storm events were highly influenced by the rainfall patterns. It was evident that 
there is a higher frequency of multi-peak storm events during the wet period. Although 
storm events that are larger in magnitude and longer in duration are often associated with 
multi-peak events, contrary evidence showed that fluctuating changes in storm intensities 
was a strong determinant of a multi-peak hydrograph during a storm event.  
Despite similar lag timings, JW has a slightly shorter lag time compared to AMK. 
This is believed to be attributed to its high impervious cover. However, Tp timings which 
are more closely related to catchment size was lower in AMK. Despite having a 40% 
pervious cover, its relatively high impervious cover and small catchment size (2 times 
smaller than JW) resulted in shorter Tp timings than JW. This validates the hypothesis 
outlined in the chapter’s introduction. 
 Multivariate statistical results showed strong relations between storm magnitude 
and lag time and storm duration and lag time.  Among the 5th, 10th and 30th minute storm 
intensities, the bivariate analysis revealed that a better correlation between lag time and 
storm intensity at the 30th minute is found in JW, and between lag time and the 10th 
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minute storm intensity in AMK. However, the result of the bivariate analysis is weak. It 
is believed that the catchment’s drainage network has a greater influence than storm 
intensity in influencing lag time. In addition, it is hard to attribute a specific storm 
intensity to describe a tropical storm event. Similarly, it is efficient to single out a 
specific time intensity to represent the lag time period of the entire storm event. 
 Overall, as a smaller catchment, AMK demonstrates shorter Tp timings. On the 
other hand, the larger variability (as shown in larger inter-quartile range) in Tp timings in 
AMK also shows the presence of pervious cover in influencing the time taken to reach 
peak discharge. In JW, higher impervious cover led to a smaller variability in Tp timings 
during storm events.  The Tp correlates well with the runoff ratios in the catchments. The 
wet and normal period showed higher runoff ratio compared to dry period in both 
catchments. This is due to higher frequency of large magnitude storm events during those 
periods. JW also exhibited higher runoff ratio than AMK. This is largely due to higher 
runoffs from its high impervious land cover than AMK. It has also indicated that 
impervious runoff events would be much more dominant in the catchment. This has also 
suggested that a lower runoff ratio in AMK may be influenced by its significant pervious 
cover and there are likely to be more pervious runoff events in AMK than JW. The 
degree of dominance of pervious contribution in respective catchments during storm 
events not investigated in this chapter but will be dealt with in greater detail in the 
following Chapter.  
 There are several management implications that can be drawn from this chapter. 
Even though intense tropical storms would lead to quicker runoff, the influence of 
impervious cover and the excellent drainage facilities in both catchment were found to be 
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the main contributors to quick runoff. Hence, the problem of quick runoffs needs to be 
curbed as it is commonly associated with pollutant discharge into receiving waters.  
 Impervious cover  should be reduced and the pervious cover in urban catchments 
increased to negate the quick delivery of runoffs. However, as mentioned in Chapter 1, 
Singapore’s rising population would certainly require more high-density housing areas 
with larger impervious surfaces. For example, there are ongoing plans to build new 
housing blocks on the green space beside the monitoring station at JW (see Figure 2.3) 
(HDB 2008), which will increase the impervious cover in JW to 90%.  
Even though Singapore is vaunted for its lush greenery and is also known as 
“Garden City”, grassed cover (pervious cover) in JW is low. More housing estates should 
model after AMK’s significant pervious land cover. Having said that, even though AMK 
has a significant pervious cover, accelerated runoff persisted during storm events. Urban 
pervious cover is often highly compacted and poorly drained which makes it more semi-
impervious rather than pervious in hydrological properties. Therefore, the provision of 
grassed surfaces as permeable pervious cover requires engineering measures to ensure 
that its infiltration properties allow for stormwater infiltration in order to reduce 
accelerated overland flow. In this study, the poor infiltration rates of JW and AMK urban 
soils are shown in Figure 4.10. The infiltration rates range from 1.8 cm/hr to 23.5 cm/hr. 
In addition, the infiltration rate becomes constant (< 3 cm/ hr) after 15 minutes since the 
commencement of the infiltration test. Figures 3.4 and 3.5 showed that the storm intensity 
at the 10th and 30th minute during the event ranged 10 – 30 mm/ hr or sometimes higher. 
Under such circumstances where storm intensity exceeds infiltration rate, SOF or HOF 
will be generated, contributing to a short lag time. Thus, it is likely this factor caused 
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AMK’s lag timing to be almost the same as JW’s even though the Tp of AMK remained 
shorter than JW because of its smaller catchment size. The poor infiltration property of 
highly compacted urban soils is a major challenge in urban environments (Jim 1998). 
Quick SOF or HOF would occur especially in tropical storms experienced in this study, 
thereby creating a fully impervious catchment during large storm events.  
 
































Figure 4.10: Infiltration rates of various pervious covers types in Jurong West and Ang 
Mo Kio. Sites 1 – 4 are located in Jurong West and Sites 5 – 7 are located in Ang Mo Kio 
(see Table 2.3). Infiltration results reveal that the infiltration rate became constant after 
15 minutes from the commencement of the test. 
 
It has been shown in this study that a large pervious cover may not necessary 
reduce runoff velocities in AMK (Valeo and Moin 1999). However, it could also be 
refuted that pervious cover which is not perceived as functional against accelerated 
runoffs is due to the inherent poor conditions of urban soil. Thus, if one considers 
pervious cover with functional permeability properties, for example infiltration rates of 
50 – 60 cm/hr since forested soils from Lau (1979) and Rahman (1991) measured > 90 
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cm/hr, it is possible for pervious cover to still be a useful tool to counteract quick runoff 
and also reduce sediment erosion from themselves. Therefore, it is critical that urban 
pervious cover should be re-engineered to ensure its high infiltration rates. 
The provision of pervious cover would not only reduce runoff velocity but also 
help in trapping urban pollutants found in stormwater. The task of providing more 
pervious cover has been challenged by the need to increase impervious cover to provide 
for increasing housing needs in Singapore. Therefore, an options is to install more 
permeable surfaces (e.g. carpark lots and walking pavements) to help the reduction 
pollutant of pollutants runoff. These permeable surfaces would help to trap pollutants, 

















Results of multivariate regression between storm characteristics (storm duration and 








Coefficients t Sig. 
B Std. Error Beta B Std. Error 
1 (Constant) 18.001 1.011   17.798 .000 
Storm_duration .040 .016 .306 2.569 .012 
Storm_magnitude -.407 .075 -.649 -5.448 .000 
a  Dependent Variable: Lag_time 
 
Results of multivariate regression between storm characteristics (storm duration and 








Coefficients t Sig. 
B Std. Error Beta B Std. Error 
1 (Constant) 19.179 1.449   13.233 .000 
Storm_magnitude -.424 .111 -.450 -3.827 .000 
Storm_duration .038 .017 .254 2.157 .034 








Chapter 5 Pervious and impervious runoff  
Abstract 
 
 The investigation of pervious and impervious runoff during storm events is described 
in this chapter. Directly connected impervious areas (DCIA) in Jurong West (JW) and Ang 
Mo Kio (AMK) was estimated at 64.26% and 60.87% of total impervious area (TIA) 
respectively, from 9 mm and less storm events. From the 120 and 106 storms events in JW 
and AMK respectively, 36% and 42% storms generated pervious runoff. Land cover 
differences are believed to influence the occurrence of pervious and impervious runoff in the 
respective catchments. AMK, with greater pervious cover (40%) accounts for more pervious 
runoff storm events in both immediate and delayed forms. The delayed pervious runoff 
comes mainly in the form of through flow in latter storm events. During large storm events, 
distinctively more pervious runoff storm events were generated in AMK than JW. However, 
impervious runoffs storm events were observed to be greater in JW than AMK. The dry 
antecedent period (Api, i representing number of days) as observed has a limiting effect on 
pervious runoff generation during storm events in both catchments. It has been found that 
these large events, which experienced Ap3 - Ap5 during the months of the dry period, 
sometimes extending to Ap10 - Ap15, generated only impervious runoff. Observations also 
showed that during wetter months, for example the Northeast (NE) monsoon period, small 
storm events in multi-storm events are also capable of generating pervious runoff. In order to 
increase the number of pervious runoff events and reduce accelerated runoff in the urban 
environment, there should be more land cover committed to pervious cover. 
 
Keywords: Impervious, Pervious, Directly Connected Impervious Areas, Small 
Catchments, Urban tropics, Storm characteristics, Singapore 
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5.1 Introduction  
 
 Chapter 1 explained that urbanization has led to large modifications in land cover. 
The increase in imperviousness has led to accelerated runoff and pollutant washout 
during storm events. This is mainly due to the dominance of impervious runoff and 
reduced infiltration, as shown in Figures 1.1 and 1.3. This involves change in 
hydrological pathways from a natural watershed to an urban watershed. However, 
impervious runoff may not necessarily be the sole runoff process occurring in urban 
environments as studies have shown that pervious runoff is also readily present in urban 
catchments during storm events (Boyd et al. 1993 and 1994). 
 In their study of 26 urban basins from Australia, America and Japan, Boyd et al. 
(1993 and 1994) claimed that small drainage basins (< 25 ha) with well connected 
drainages tended to have runoff contributions from impervious areas. However, when 
rainfall exceeds 10 mm, pervious runoff will be generated. This pervious runoff refers to 
Saturation Overland Flow (SOF) and Hortonian Overland Flow (HOF) that comes from 
vegetation cover in urban areas. However, pervious runoff can also come in the form of 
dry weather flow (throughflow) from storage. From their study, Boyd et al. concluded 
that larger catchments are more likely to produce both impervious and pervious surfaces 
runoff. 17 out of 26 basins do not generate pervious runoff. These basins range in size 
from 1.73 ha to 235.5 ha, with their total impervious fraction ranging 0.15 – 0.98.  
Boyd et al. have also argued that impervious runoff is still the dominant process 
even if impervious cover was less than pervious cover. They also explained that storm 
size, soil type and land use are governing factors to pervious runoff generation. For 
example, pervious runoff is found to be absent in a catchment with sandy soil that 
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generates very high infiltration rates. Catchments which are highly impervious (70% and 
above) do not generate any pervious runoff. Other factors that lead to pervious and 
impervious runoffs include the antecedent soil moisture (Luk 1985 and Lim 2000), 
delayed pervious water contribution (Boyd et al. 1994 and Lim 2000), storm intensity 
(Chatterjea 1998 and Zehe et al. 2005) and vegetation cover (Chatterjea 1998).  
 Besides the role of imperviousness, urban hydrology has also placed great 
importance on the role of Directly Connected Impervious Areas (DCIA) and Non-DCIA 
components in impervious and pervious runoff generation during storm events 
(Cherkaver 1975; Miller 1978, and Beard and Chang 1979). DCIA, together with Non-
DCIA, make up Total Impervious Areas (TIA) (Boyd et al. 1993; 1994; Arnold Jr. and 
Gibbons 1996; Brabec et al. 2002; Lee and Heaney 2003 and Randhir 2003). DCIA refers 
to impervious areas, which are directly connected to the drainage system. Common 
examples are roads, parking lots, storm sewer systems and roofs (Boyd et al. 1993; 1994; 
Pauleit and Duhme 2000; Brabec et al. 2002; Gray and Becker 2002; Lee and Heaney 
2003; and Chebbo and Gromaire 2004). In fact any impervious surfaces which are 
hydraulically connected to the drainage can be classified as DCIA (Sunderland 1995). 
Non-DCIA refers to impervious areas, which are not directly connected to the drainage. 
Runoffs from these areas would flow over pervious areas before reaching the drainage 
system (Boyd et al. 1993; 1994 and Brabec et al. 2002). Such distinctions are required 
because they have strong effects on runoff estimation and sediment movement within the 
catchments (Alley et al. 1980; Driver and Troutman 1989).  
 In small storm events, runoff will follow from DCIA and not the entire 
impervious cover in the catchment. Therefore, it is wrong to use total impervious area 
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(TIA) to estimate runoff amounts. This is because during small storm events, rain falling 
onto non-DCIA may not reach the drainage network. Therefore, errors would occur in the 
if TIA instead of DCIA is used: (1) runoff volumes and peak flows may be largely 
overestimated (Lee and Heaney 2003), (2) the simulated changes in runoff due to 
increasing intensity of land use may be smaller if TIA is used, (3) infiltration rates will be 
underestimated if TIA is used (Alley and Veehuis 1983) and (4) runoff from non-DCIA 
will flow over pervious cover first before reaching DCIA. Nonetheless, some abstraction 
loss from infiltration will occur.   
 The importance of DCIA can be drawn further from hydrology models such as 
SWMM, the Conventional Method and the Lloyd-Davis Rational Method. For example, 
Lee et al. (2003) applied these models with DCIA and TIA components to calculate 
runoff ratios in urban cities in Miami (USA). It was found that a higher accuracy in 
drainage design was obtained when DCIA was used. Models using TIA often 
overestimated the catchment drainage. Overestimation of catchment drainage will often 
lead to oversized costly stormwater retention facilities, thereby reducing the aesthetics of 
the environment as well as adding unnecessary costs.  
 The calculation of DCIA in the urban environment can be undertaken in two 
broad ways, namely through maps and the collection of hydrological data. Literature 
cited by Brabec et al. (2002) indicates traditional methods such as aerial photographs 
(Sullivan et al. 1978; Alley and Veenhuis 1983; Boyd et al. 1993; Rouge Program Office 
1994; and Pauleit and Duhme 2000), topographic maps (Sullivan et al. 1978; and Krug 
and Goddard 1986) and general observations (Carter 1961; Felton and Lull 1963; Antoine 
1964 and Stall et al. 1970). Apart from maps, hydrological data from small storm events 
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can also be used to estimate DCIA within catchments (Boyd et al. 1994). However, this 
latter method tends to be time consuming and expensive as it involves a long period of 
field data collection. 
 Urban hydrology should also be further understood in flow processes occurring 
across different storm events. As urban environments become strongly modified in 
several different ways, coupled with climate changes, hydrological processes in the form 
of impervious and pervious flows have become even more unpredictable. More research 
is needed to understand the role of catchment land use and other factors that affect 
hydrological processes. Besides Boyd et al. (1993 and 1994), the study of pervious runoff 
is lacking among the urban environment. Moreover, there is also a paucity of tropical 
studies in urban surface flow processes. The strong association of accelerated flow from 
impervious surfaces has always been highlighted (Wolman 1967; Krug and Goddard 
1986; Rahman 1991 and Jim 1998a). According to Boyd et al. (1993), impervious and 
pervious runoff is more likely seen in larger catchments, but when a higher magnitude 
storm occurs, pervious runoffs will also be generated in these smaller catchments. These 
findings were presented from their study of 26 drainage basins documenting impervious 
and pervious runoffs. 
 With limited literature available, it is hard to establish a working hypothesis that 
Jurong West (JW) and Ang Mo Kio (AMK) may or may not be able to generate pervious 
runoff. Moreover, there are hardly any studies investigating pervious and impervious 
runoff processes in the urban tropics. In the scenario whereby pervious runoff is absent, it 
is attributed to both catchments being smaller than 70 ha. This is because as mentioned 
by Boyd et al. (1994), catchment size seems to exert a significant influence on pervious 
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runoff generation. So far, larger catchments are seen to generate pervious runoff. 
Moreover, both JW and AMK have impervious surfaces covering more than half of their 
catchments, which leaves very little opportunity for any pervious runoff to occur.  
 Furthermore when pervious runoff is actually generated, it can be argued that 
soils in both catchments are heavily compacted and have moderate infiltration rates that 
will lead to quicker generation of SOF or even HOF in the already fully saturated soils or 
bare soil surfaces. During infiltration tests of 7 locations from both sites’ pervious cover 
(see Table 2.2), infiltration reached constant rates after 20 minutes. 3 sites even indicated 
zero infiltration after 20 minutes (see Figure 4.10). During short and intense tropical 
storm events, the high storm intensity exceeding soil infiltration rate might be sufficient 
to generate SOF and HOF from respective pervious cover in both sites. With the low 
infiltration rates, AMK, which has a significant 40% pervious cover may also be able to 
generate pervious runoff. Chapter 4 have showed lower runoff ratios and longer lag time 
in AMK compared to JW, which are indications of pervious runoff contributions during 
storm events. In Singapore there are large magnitude storm events, especially during the 
annual Northeast (NE) monsoon. Thus, this would generate pervious runoffs. 
 The derivation of DCIA is crucial towards the calculation of pervious and 
impervious runoff in both catchments. DCIA in this study is calculated using Geographic 
Information Systems/ Global Positioning System (GIS/ GPS) mapping or through 
hydrological data. Boyd et al. (1994) used small storm events of less than 4 mm. Given 
that this study is undertaken in a tropical climate characterized by short and intense 
rainfalls (Chia and Foong 1991), a large variety of small storm events will be available 
for the study of DCIA. It is hypothesized that storm events of 10 mm and less will be 
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sufficient to involve all DCIA components in both sites. This is based largely from results 
by Boyd et al. (1993 and 1994). Both catchments were installed efficiently with drainage 
inlets, which ensured effective delivery of runoff into drainage channels. This can be seen 
in the close relationship between rainfall and runoff depth in Figures 4.8 and 4.9. There 
was minimal Non-DCIA within the catchments. From GIS maps of both catchments, the 
DCIA fractions of both catchments were calculated. Similarly, primary hydrological data 
can also estimate DCIA fraction. According to the literature, DCIA calculated from aerial 
photographs or land cover maps usually yield higher estimate than DCIA calculated from 
hydrological data (Boyd et al. 1993 and 1994). Similar results were expected in this 
study. This chapter attempts to achieve the following tasks:  
1. To examine DCIA fraction in two small urban residential catchments using 
primary hydrological data.  
2. To investigate the generation of pervious runoff (SOF and HOF) under tropical 
storm events in two residential urban catchments.  
3. To review various factors, namely, catchment land cover and size, rainfall 
patterns and characteristics on the generation of impervious and pervious runoff. 
5.2 Directly connected impervious area  
 
  Total storm rainfall depth and runoff depth derived from primary hydrological 
data collected from field measurements were plotted against each other. There are a total 
of 120 and 106 storm events recorded in JW and AMK respectively. However, only small 
storm events are used to estimate DCIA. Using small storm events to calculate DCIA has 
been employed in previous studies (Miller 1978; Jacobsen and Harremoes 1981; Pratt et 
al. 1984 and Boyd et al. 1994). The DCIA component of urban catchment is assumed to 
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remain constant in all storm events. In the case of small storm events, it is the only 
component contributing to runoff (Boyd et al. 1994 and Randhir 2003). When plotting 
runoff depth against rainfall depth of small events, the slope gradient provides an 
estimation of DCIA, and the intercept on the rainfall axis represent the abstraction loss, 
which must be satisfied before runoff occurs (Boyd et al. 1994).  
 The calculation of DCIA is also possible through catchment GIS maps (Miller 
1978 and Boyd et al. 1994). For instance, Miller (1978) produced a drainage map by 
combining topographic and sewerage maps to determine DCIA of a 23.59 ha catchment. 
He has also plotted a rainfall – runoff relation for the study site and found that estimated 
DCIA was almost identical, but smaller, than the value estimated by GIS drainage map. 
Similar results were obtained in Boyd et al. (1994). In this study, GIS maps of JW and 
AMK were produced (see Figures 2.3 and 2.5) enabling the calculation of the amount of 
land cover belonging to impervious and pervious surfaces. The total impervious area of 
JW and AMK was calculated to be 84% and 60% respectively. This shows that AMK, 
with a lower impervious surface, has a significantly higher pervious cover (40%) 
compared to JW (16% pervious cover). 
Details of the GIS/ GPS mapping work of the JW and AMK catchments are listed 
in Table 5.1 and shown graphically in Figure 5.1. It can be seen that the buildings and 
roads account for the largest proportion of total impervious surfaces in both catchments. 
DCIA (e.g. buildings, roads and open drains in Figure 5.1) are impervious areas which 
are connected directly to the drainage. They account for 76% and 72% of TIA in JW and 




Table 5.1: Detailed breakdown of land cover characteristics for Jurong West and Ang Mo 
Kio. 
(Note: Other impervious surfaces refer to open drainage storms, walkways and 
recreational grounds) 
 Jurong West (%) Ang Mo Kio (%) 
Buildings  32 18 
Roads 31 24 
Open drains 1 1 
Other impervious surfaces 20 17 
Total impervious area (TIA) 84 60 
Pervious cover 16 40 
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Figure 5.1: Breakdown (%) of different types of impervious surfaces in Jurong West and 
Ang Mo Kio. 
 
The calculation of DCIA can be derived from the GIS maps but in this study, it is 
determined that DCIA will be calculated based on the hydrological data obtained from 
the field hydrological monitoring work. This method is a more accurate measure of DCIA 
as actual rainfall and discharge measurements are recorded during storm events. In 
addition, as this technique is hardly employed in the literature except by Boyd et al. 
(1993), it will be a good to test whether it is applicable to both temperate and tropical 
cities. During small storm events, runoff comes only from DCIA. However, in reality, in 
extreme small storm magnitudes (e.g. 0.2 – 4 mm), runoffs come from only a fraction of 
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total DCIA because precipitation has not reached all DCIA surfaces. It is difficult to 
choose which smallest storm magnitude would generate runoff flowing off the entire 
DCIA. A strategy is devised to plot various rainfall and runoff depths of ascending storm 
magnitudes starting from 3 mm or less. From the linear relationship between rainfall and 
runoff depths, the gradient (equivalent to DCIA) is derived. When this gradient value 
fluctuated less as storm magnitude increased, the smallest storm magnitude was chosen 
and its gradient observed as the DCIA of the catchment. 
The rainfall and runoff depth of various storm events are recorded in JW and 
AMK (refer to Appendices 5A and 5B). From the linear relationship, the gradients 
(DCIA) are plotted with rainfall depth (storm magnitude) in Figure 5.2. DCIA fraction is 
seen falling and rising steadily from 4 to 9 mm. It is found that DCIA fraction was 
steadier when storm events recorded 9 mm and above.  The values of DCIA record 
between 0.6 and 0.7 for both catchments. This implies that the runoff is flowing off the 
entire catchment’s DCIA during storms measuring equal or more than 9 mm. When storm 
magnitude continues to increase, runoff will extend to both pervious areas and other 
impervious areas not directly linked to drainage. This is seen distinctively in AMK, 
whereby DCIA fraction rose between 0.65 – 0.77 during a magnitude of 15 mm and 
above, but DCIA of JW maintains a steady pattern despite the increase in storm 
magnitude. This is because it only has a limited 16% pervious cover for runoff to extend 
to when the storm magnitude increased. Therefore, JW’s DCIA shows little change. 
Judging from these patterns, it is reasonable to assume that in storm events measuring 
magnitude of 9 mm or less, we could derive the DCIA fraction of JW and AMK. From 
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this assessment, DCIA fraction of JW and AMK were 0.6426 and 0.6087 (R2 = 0.6337 
and 0.6106) respectively (refer to Appendices 5A and 5B).  
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Jurong West Ang Mo Kio
 
Figure 5.2: Change in fraction of directly connected impervious areas across different 
storm magnitudes in Jurong West and Ang Mo Kio. 
 
 The derived DCIA shows lower values than the hypothesized DCIA fractions 
(derived from GIS maps) of 0.76 and 0.72 in JW and AMK respectively. This 
comparison between DCIA information derived from hydrological data and land cover 
maps shows small differences in DCIA fraction between the two methodologies. A lower 
estimate obtained through hydrological data as compared to aerial photography maps and 
topographical maps has also been noted in the literature (Miller 1978 and Boyd et al. 
1993). This further verifies the creditability of using 9 mm or less storm events to 










Land-use DCIA fraction from 
hydrological data 
Jurong West 68.7 0.76 Residential 0.6426 
Ang Mo Kio 34.9 0.72 Residential 0.6087 
  
5.3 Identification of pervious runoff events 
  
The estimation of DCIA fraction (Fi) has been explained and derived. To estimate 
pervious runoff (Qp), it is required that DCIA be subtracted from the total runoff depth, 
Q. This formula is obtained from Boyd et al. (1994), as shown in Equation 5.1 and 
further developed into Equations 5.2 and 5.3. 
Q = Qi + Qp  = P. Fi  + Qp -------------------------------------------------------- (Equation 5.1) 
Q = Total Runoff (mm) 
Qi  = Runoff from DCIA (mm) 
Qp  = Pervious runoff (mm) 
P = Total Rainfall Depth (mm) 
Fi  = DCIA fraction (JW – 0.6426, AMK – 0.6087) 
 
In calculating pervious runoff, we have 
 
Qp = Q – (P. Fi)  -------------------------------------------------------------------- (Equation 5.2) 
 
If the Qp value is positive, it indicates the additional contribution of runoff from pervious 
cover. If the value is negative, it means that there is no pervious runoff generated. If no 
pervious runoff is generated, we assume that pervious runoff is zero. If zero pervious 
runoff is generated, this would lead us to equation 4.3.  
Assuming Qp is zero,  
 
Qp = Q – ( P. Fi)   
Q = ( P. Fi)   
Q = Qi          -------------------------------------------------------------------------- (Equation 5.3) 
 
 It is possible that the runoff from DCIA is affected by urban trees. This was 
reported by Lee (2000) who studied stemflow, interception loss and throughfall effects in 
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Singapore’s urban environment. It has been highlighted that quick stemflow from trees 
could create erosion at the tree base and is also likely to affect overland flow on 
impervious surfaces (Chatterjea 1998 and Lee 200). There are many types of tree species 
planted along the roadsides and pavements within the Singapore urban areas. The 
common species include: Tembusu (Fagraea fragrans), Rain tree (Samanea saman), 
Damar Hitam Gajah (Shorea gibbosa) and Angsana (Pterocarpus indicus). The tree 
morphology has several characteristics that affect stemflow and interception loss. For 
example, the texture of the tree bark, the leaf surface area and leaf respond to storm 
events. The rain tree which has a smoother bark than the Tembusu tends generate more 
and quicker stemflow. The Rain tree specie has a large canopy but it does not have a 
large interception loss as the Tembusu specie because its leaves will close under dark and 
gloomy conditions (storm events conditions). This would allow for more throughfall to 
reach the ground underneath the canopy. On the other hand, the Tembusu specie has large 
drip-tip leaves which lead to higher interception loss. The leaf morphology can also form 
large rain droplets which can lead to rainsplash erosion under the tree canopy (Lee 2000). 
 From field observations, there are very few trees planted on the impervious areas. 
They are often planted on pervious cover, sometimes partially overarching pavements. 
This might have little effect on rainfall interception, as well as stemflow contributing to 
runoff on DCIA. Figure 5.3 shows the distribution of trees within the residential 
catchment in JW. The density and distribution of trees in the AMK catchment is the same 
as JW as both catchments belong to the same public housing areas that are landscaped 
similarly in Singapore. In addition, Figure 5.1 showed buildings and roads comprised of 
the majority of DCIA in both catchments. Pavements comprised very minimal of DCIA.  
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  In view of the numerous factors affecting interception loss and stemflow from the 
urban trees and the fact that there are several species in Singapore to account for, it will 
be difficult to gather sufficient stemflow and interception loss information within the time 
and financial constraints of this study. There are also hardly any studies documenting 
stemflow and interception loss in the urban tropics. Given that there are very few trees 
planted on the impervious surface, therefore, the effect of vegetation (urban trees) 
interception loss and stemflow in this study will be excluded as a factor in runoff 
generation. With all the available parameters, using the Equations 5.1 and 5.2, it is 
estimated that 43 out of 120 storm events (36%) sampled in JW generated pervious 






Figure 5.3: Distribution of trees in an area in Jurong West which is typical of Singapore public housing estate. Similar tree layout 
within pervious cover is also seen in Ang Mo Kio as both are public housing estates in Singapore.
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5.4 Factors influencing pervious runoff  
5.4.1 Catchment characteristics 
 
 The difference in land cover provides a strong explanation for the dominant type 
of runoff processes in the respective sites. JW has an impervious cover of 84% and 
generated impervious runoff in 64% of the storms sampled. Likewise, AMK, which has 
an impervious cover of 60%, only generated 58% impervious runoff events. However, 
the 40% pervious cover in AMK is believed to account for the 42% of the pervious runoff 
in the catchment. JW yielded different results from Boyd et al. (1993), who have 
previously shown that highly impervious small catchments are unable to generate any 
pervious runoff events.  
 Another factor relates to the urban soil type in JW and AMK, which explains the 
dissimilar results of Boyd et al. (1993). It is reported that the pervious cover in the Boyd 
et al.’s catchments is mainly comprised of sandy soil with high infiltration rates. This is 
different in Singapore where urban soils comprise of highly compacted clayey soils with 
a thin layer of topsoil and distinguishable clayey horizons with poor infiltration properties 
(see Figure 4.10). These are distinct characteristics of disturbed urban soils (Jim 1998a, b 
and c). Under such circumstances, pervious runoff in the form of SOF and HOF will be 
generated in JW and AMK. However, given such limited pervious cover in JW, it is not 
surprising that pervious runoff only accounted for 36% of all storms sampled. 
5.4.2 Storm characteristics  
 
 Impervious and pervious events are plotted with rainfall depth in respective sites 
to examine the effects of storm magnitude on pervious runoff generation. This is shown 
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in Figures 5.4 and 5.5 for the JW and AMK catchments respectively. Figure 5.6 shows 
the percentage increase in pervious runoff events in three separate storm categories 
namely 2 mm ≤ storm magnitude (SM) < 10 mm, 10 mm ≤ SM < 20 mm and 20 mm ≤ 
SM.  



















Impervious runoff only Impervious and Pervious runoff
 
Figure 5.4: Impervious and pervious runoff events in Jurong West. Even though there is an 
increase in pervious runoff events, the presence of impervious runoff events are still strongly 
evident in larger magnitude storm events. 
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Figure 5.5: Impervious and pervious runoff events in Ang Mo Kio. Unlike JW in Figure 5.3, there 
is a significant increase in pervious runoff events from storm magnitudes of 12.4 mm onwards. 
 
 


















Jurong West Ang Mo Kio
 
Figure 5.6: Percentage change in pervious runoff events with an increasing storm magnitude in 
Jurong West and Ang Mo Kio. Ang Mo Kio showed a gradual increase in pervious runoff events 
from 2 to 19.8 mm but the percentage increased sharply when storm event increase more than 20 
mm. Jurong West showed as similar percentage of pervious runoff event from 2 to 19.8 mm. The 
percentage does not show a sharp increase in pervious runoff event even when storm magnitude 
increases to more than 20 mm. 
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An increase in the storm magnitude has lead to an increase in the pervious runoff 
events in both catchments. However, this trend was stronger in AMK than in JW. The 
percentage of pervious runoff event increased from 27% to 43% from the 2 mm ≤ SM < 
10 mm to the 10 mm ≤ SM < 20 mm class. This increase continues sharply to 85% in 
storm events larger than 20 mm. JW shows no increase in pervious runoff events between 
the first two storm magnitude classes (see Figure 5.6). An increase in pervious runoff 
events is expected when storm magnitude becomes larger than 20 mm but the increase 
from 31% to 48% was insignificant compared to AMK. This certainly shows the 
influence of pervious cover in AMK in generating pervious runoff when storm magnitude 
increases. In addition, it also proved that Boyd et al. (1993)’s finding is equally 
applicable in the urban tropics. Large magnitude storm events are pre-requisites to 
pervious runoff generation in small catchments. 
The major role played by AMK’s pervious cover in generating pervious runoff is 
evidenced by its higher abstraction loss compared JW. In Chapter 4, Figures 4.8 and 4.9 
reflect a highly efficient drainage network in both catchments. High R2 values of 0.9108 
and 0.962 reflect a strong relation between runoff and rainfall depths. The best-fit line 
intercepting the x- axis is calculated as the abstraction loss. This abstraction loss refers to 
the loss of precipitation to vegetation, uneven impervious surfaces and evaporation 
during storm events. Abstraction loss for JW and AMK are 1.74 mm and 2.65 mm 
respectively. Appendices 5A and 5B present graphs showing linear relationships between 
the rainfall and runoff depth of various storm events recorded in JW and AMK at varying 
storm magnitudes. The abstraction loss from storm events recording 7 mm and less was 
calculated instead of the entire set of storm events. This is where the coefficient of 
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determination, R2 which is higher than 0.5, was observed in both catchments. The 
abstraction loss of both catchments are compared against each other and presented in 
Figure 5.7.  
 A bigger catchment would normally have a higher abstraction loss, but in this 
case AMK showed a higher abstraction loss despite being smaller in size. This result is 
strongly attributed to its significant 40% pervious cover, evidenced by the degree of 
abstraction loss, which shows an upward trend as storm magnitude increases. This 
upward rise is especially prominent when the storm magnitude becomes larger than 15 
mm. AMK overall showed an increase of 0.51 mm in abstraction loss when storm 
magnitude class of 7 mm and less increases to storm events recording 70 mm and less.  
JW does not show an upward trend in abstraction loss when the storm magnitude 
increases, showing a small difference of 0.27 mm between 7 mm and 70 mm storm 
magnitude class. The small change in abstraction loss as storm magnitude increases is 
certainly influenced from its high impervious land cover. This would account for the less 
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Jurong West Ang Mo Kio
 
Figure 5.7: Changes in abstraction loss in Jurong West and Ang Mo Kio in different 
storm magnitude classes. In this figure, 7 mm storm magnitude class refers to storm 
events of 7 mm and less. The result shows that a higher abstraction loss is experienced in 
Ang Mo Kio than in Jurong West. In addition, the abstraction loss show an increasing 
trend when storm magnitude increases. 
 
 Runoff from the entire DCIA is found to be generated from 9 mm or more storm 
events. This would mean only impervious runoff was generated in storm events recording 
≤ 9 mm. There are two observations made in JW and AMK in Figures 5.4 and 5.5. First, 
there are pervious runoff events identified which record ≤ 9 mm in both catchments. 
Second, this observation may not be distinctive in AMK, but impervious runoff events 
were found in JW during high magnitude storm events (≥ 20 mm) (see Figure 5.5). 
 The pervious runoff events recording ≤  9 mm in JW and AMK were traced 
specifically to their events’ dates and rainfall characteristics. It was found that they 
shared common characteristics.  Most of these storm events either occur during the NE 
monsoon period or months of high rainfall. During the higher rainfall periods, antecedent 
soil moisture is generally higher due to lower temperature. Lower temperature during the 
monsoon period between November and January has been cited by Chia and Foong 
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(1991). Sunshine hours were reduced from 6.2 hours to 4.45 hours during these months. 
Average temperatures also dropped to 25.5 0C from 27.3 0C.  These conditions reduced 
evaporation rate, which generally also promoted higher antecedent soil moisture and 
resulted in faster soil saturation even during small storm magnitudes. This generated 
HOF and also SOF at a faster pace. 
There are periods whereby storm events occur consecutively within a few hours 
of each other. This time interval could range from an hour to four hours apart. During the 
presence of these multi-storm events, a negligible infiltration amount may be experienced 
in latter storm events as the soils would already be fully saturated from the earlier storm 
events. Under these circumstances, pervious runoff in the form of HOF would be 
generated. Therefore, pervious runoff may also be generated in small storm events during 
multi-storm events. These multi-storm events also occur more commonly during the 
monsoon period and occasionally during the months with higher rainfall. Since wetter 
months have an impact on pervious runoff generation, drier months will generally exert 
some level of influence too.  
5.4.3 Antecedent dry period  
 
 The effect of the dry antecedent period has been shown to influence soil moisture 
(Luk 1985 and Lim 2000), which indirectly produces an inhibiting influence on pervious 
runoff generation. This has resulted in high magnitude storm events in JW generating 
only impervious runoff (see Figure 5.5). Specifically tracing these high magnitude events 
(18.6 mm, 46.6 mm, 56.2 mm and 63.2 mm) shows that a certain period of antecedent 
drying has taken place. In Chapter 3, it was discussed that lengthy Api need not take 
place during solely during drier periods. This was shown in past rainfall records. In this 
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study, longer periods of antecedent drying were seen especially during drier months. 
Large magnitude storm events with no pervious runoff generated, took place during dry 
months such as, February 2006, normal and wet months such as March 2006 and 
December 2005 respectively. Prior to these storm events, Api ranged from Ap3 - Ap5, 
sometimes extending to Ap8 as shown in Figures 5.8 and 5.9. In Chapter 3, longest 
antecedent period in JW ranged from Ap10 – Ap15 and in AMK, ranges from Ap6 – 
Ap17. However, the longest dry days experienced in JW and AMK during these months 
(see Figures 5.8 and 5.9) were Ap15 and Ap10 respectively. The dates ranged from 
05/03/06 to 20/03/06 in JW and 23/02/06 to 06/03/06 in AMK. Therefore, this study has 
shown that under tropical urban climate conditions, the absence of rainfall for Ap3 – 
Ap5, as experienced in this study during the dry months, does exert an impact on 
pervious runoff generation in small urban catchments in the tropics. 
 
 







Figure 5.9: Daily rainfall for December 2005, and February and March 2006 in Ang Mo 
Kio. 
 
5.4.4 Temporal contributions of pervious runoff 
 
It has been shown that pervious runoff generation does occur in JW and AMK. 
The question is whether the contribution of pervious runoff was contributing to the 
discharge during the storm events or after rainfall has ceased. This has also been found to 
vary between the two catchments.  
 In JW, pervious runoff in the form of SOF and HOF comes as an immediate 
contribution. Presenting a storm event in JW as evidence, Figure 5.10 shows the pervious 
runoff contribution during a storm event. This is explained by the steep receding limb 
indicating a rapid drop in discharge levels. The first and second storm events are of 
similar magnitude. However, the second storm event shows a rising limb that is steeper 
than the first event, indicating that pervious runoff is contributing immediately to the 
rising limb. Higher discharge levels of the latter storm events in multi-storm events is 
usually exhibited because quicker runoff, in the form of HOF and SOF from pervious 
cover was a result of fully saturated soils from earlier storm events. In these flow 
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processes, flows from non-DCIA surfaces will be connected to runoff from DCIA. Thus, 
this would mean additional runoff contributions from pervious cover and non-DCIA 




Figure 5.10: Hydrograph of a multi-storm event in Jurong West. The hydrograph shows 
the rising limb of second storm event is steeper than the first storm event despite similar 
magnitudes. 
 
 The results show that pervious runoff contribution in AMK is not only immediate 
but also delayed. A gentler receding limb shows slow decreasing discharge levels that are 
likely to be sustained by delayed pervious runoff in an urban environment. It is believed 
that more precipitation will be absorbed by AMK’s significant pervious cover. This 
would lead to an increase in basin water storage which would supplement the pervious 
runoff in the form of a delayed flow. This delayed runoff which can be described as a 
throughflow, reached the drainage network via drainage pipes inserted horizontally 
through the soil profile. In Figure 5.11, the throughflow is seen occurring at the base of 
the recession limb, which has enlarged the base of the hydrograph.  
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Further evidence of delayed pervious runoff in AMK can be found by comparing 
the recession limb gradients of two storm events, each measuring similar storm 
magnitudes. A lower gradient recession limb is an indication of pervious runoff. An 
example can be drawn from a second storm event (believed to exhibit pervious runoff) 
during a multi-storm event in Figure 5.11. This second storm event measuring 5.4 mm 
was compared against a single peak storm event of similar magntiude in Figure 5.12. The 
gradient of the receding limb of the later storm event in Figure 5.11 is 0.015 as compared 
to 0.022 of the single-storm event in Figure 5.12. This proved that the gentler recession 
limb in the second storm event in Figure 5.11 is a result of delayed runoff contributions 
from the catchment storage.  
 
Figure 5.11: Hydrograph of a multi-storm event in Ang Mo Kio. The hydrograph shows a 
steep recession limb in the first storm event and a gradual recession limb (indicating the 





Figure 5.12: A 5.4 mm storm event in Ang Mo Kio depicting a steep recession limb. This 
is compared against Figure 4.13 which second event (5.4 mm) displays instead a gradual 
recession limb. 
 
Evidence from Figure 5.7 could also support JW’s contribution in pervious runoff 
as immediate and AMK’s pervious runoff contribution as both immediate and delayed. 
Since abstraction loss in JW is lower than in AMK, storage within the limited pervious 
cover is unlikely to be large, but is likely to be depleted during storm events. AMK on the 
other hand, had a higher abstraction loss when the storm magnitude increased. This 
signified that there was likely be more moisture absorbed by the pervious cover. 
Therefore, with higher water storage, pervious runoff is not only contributed during storm 
events but as well as delayed (through flow) along the receding hydrograph limb.   
5.5 Conclusion and management implications  
 
 This Chapter seeks to estimate the degree of DCIA in JW and AMK. 
Furthermore, an attempt was made to investigate whether there is any impervious or 
pervious runoff contribution under tropical storm events. Boyd et al. (1993), the most 
comprehensive study on highly impervious urban catchments in non-tropical areas 
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demonstrates the absence of pervious runoffs. Highly impervious land covers in these 
areas are similar to JW and AMK. It is hypothesized that no pervious runoff will occur in 
the small and highly impervious JW and AMK catchments. On the other hand, further 
considerations of poor infiltration rates of urban soils in both catchments and AMK’s 
significant pervious cover may generate pervious runoffs.  
 DCIA in JW and AMK was estimated at 0.6426 and 0.6087 respectively from 9 
mm and less storm events. This result is a close comparison against the hypothesized 10 
mm. The DCIA derived is lower than the hypothesized DCIA obtained from mapped GIS 
catchment maps but the difference is minimal. The DCIA fraction derived from 
geographic information systems (GIS) land cover maps shows a slightly bigger respective 
estimate of 0.76 and 0.72 in JW and AMK. 
 The results show that pervious runoff generation occured in both catchments. The 
highly impervious JW only generated pervious runoffs in 36% of 120 storms while 
AMK’s pervious runoff events accounted for 42% of 106 storm events. These results do 
not a mirror Boyd et al.’s (1993) where pervious runoff was not observed from high 
impervious cover and sandy urban soil conditions. On the contrary, the pervious runoffs 
of JW and AMK was attributed to highly compacted clayey urban soil. Soils that are 
clayey have poor infiltration properties that would easily lead to pervious flow (SOF and 
HOF) in the tropics, especially where storm intensities are higher than urban soil’s low 
infiltration rates.  
The generation of pervious runoff is also dependent on storm and catchment 
characteristics. During the dry period, drier conditions have a limited influence on 
pervious runoff. As the number of smaller storm events increased during drier months, 
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rainfall was insufficiently large to generate pervious runoffs. In addition, it is also 
believed that drier months would enhance the absorption properties of JW and AMK 
urban soils, leading to only impervious runoff, even during large magnitude storm events. 
It is generally observed that Ap3 – Ap5 (3 – 5 antecedent dry days) has a dampening 
effect on the generation of pervious runoff, even though the longest antecedent dry period 
as observed in this study could extend from Ap10 – Ap17 as reported in Chapter 3. In 
contrast, during the wet period (months with more than average rainfall), especially 
during the NE monsoon period, more pervious runoff events were generated. It has been 
highlight that a higher frequency of larger magnitude storm was experienced during the 
wet periods (refer to Chapter 3). It has also been shown that more pervious runoff events 
have been generated as storm magnitude increases in both catchments. On the other hand, 
during the wet period, evidence has also shown small magnitude storm events to be able 
to produce pervious runoff, given the occurrence of more than one small storm event 
within a short period of time (spanning 1 - 4 hours) and lower evaporation rates during 
the period. The occurrence of these multi-storm events has promoted high antecedent soil 
moisture which would generate SOF and HOF.  
 The catchment which has a higher amount of pervious cover would also generate 
more pervious runoff events. Besides SOF and HOF during storm events, evidence from 
the hydrographs showed gentler receding limbs of AMK multi-storm events, proving that 
pervious runoff also contribute to the delayed form (through flow) as compared to that 
seen in JW, which was much more immediate. The reason for this lies in a relatively 
larger pervious cover in AMK that is able to store more water for throughflow 
contribution. Higher abstraction loss in AMK also indicated that pervious runoff in AMK 
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was delayed. More supporting evidence can be gathered from Chapter 4. Longer lag 
times and lower runoff ratios in AMK are also hydrological evidence that pervious 
runoffs are more frequent in AMK than JW.  
 Important lessons can be drawn from this chapter. The importance of pervious 
cover in urban catchment has been shown to generate pervious runoff. This means that 
pervious cover is not only a tool for landscape beautification but also has the potential to 
combat stormwater runoff pollution in urban areas. As an example, pervious runoff from 
pervious cover in AMK showed lower runoff ratios and was able to delay the catchment’s 
lag timing during storm events. The evidence indicated pervious cover to be an effective 
measure to reduce accelerated runoff that would also reduce pollutant delivery into 
waterways.  Based on the high population density of public housing in Singapore, the 
increase in pervious cover with the reduction of impervious cover may not be very 
realistic as buildings and transportation networks are part of the impervious components 
of urban areas. If there is a need to reduce impervious cover, future town planning for 
new town areas should incorporate higher housing buildings and multi-storey carparks to 
free up more land area for pervious cover. The provision of more pervious cover should 
also be assessed more strategically. It is necessary that the pervious cover is endowed 
with high infiltration capacities to reduce SOF and HOF contributing to overland flow in 
impervious runoffs, as well as reducing discharge volumes into the drainage network.   
 Other impervious reduction measures can be undertaken. This includes low-
density road networks which at the same time, should not lead to greater inconvenience 
for urban motorists travelling in and out of the catchments. Pervious cover is an effective 
tool in reducing urban runoff but AMK does not demonstrate the best example because 
 123 
 
low infiltration rates of its pervious cover still generate SOF and HOF. A negative aspect 
of pervious runoff is that it entails sediment contribution from soil erosion as a result of 
SOF and HOF during tropical storm events (Chatterjea 1998 and Lu et al. 2005). Thus, to 
counteract this problem, soil engineering methods (e.g. mulch cover) should be employed 
to improve the infiltration rates of urban soils. In this way, pervious cover will be able to 
work much more effectively in reducing urban runoff rates. Some methods of improving 
the physical hydrological properties of pervious cover are: (i) avoid the use of 
construction materials to refill land after completion of construction work, (ii) divert 
human traffic from pervious cover to prevent soil compaction by trampling, (iii) promote 
the generation of top soil material to increase infiltration rates and (iv) add coarser sand 
material to clayey urban soils. This would serve the several purposes of increasing 




Appendix 5A  
4 mm or less storm events (JW)


















5 mm or less storm events (JW)



















6 mm or less storm events (JW)



















7 mm or less storm events (JW)





















8 mm or less storm events (JW)





















9 mm or less storm events (JW)





















10 mm or less storm events (JW)


















11 mm or less storm events (JW)



















12 mm or less storm events (JW)






















Continued from Appendix 5A. 
13 mm or less storm events (JW)





















14 mm or less storm events (JW)





















15 mm or less storm events (JW)





















20 mm or less storm events (JW)


















25 mm or less storm events (JW)


















30 mm or less storm events (JW)




















35 mm or less storm events (JW)





















50 mm or less storm events (JW)


















70 mm or less storm events (JW)

























4 mm or less storm events (AMK)




















5 mm or less storm events (AMK)


















6 mm or less storm events (AMK)



















7 mm or less storm events (AMK)




















8 mm or less storm events (AMK)




















9 mm or less storm events (AMK)




















10 mm or less storm events (AMK)



















11 mm or less storm events (AMK)



















12 mm or less storm events (AMK)






















Continued from Appendix 5B 
13 mm or less storm event (AMK)





















14 mm or less storm events (AMK)





















15 mm or less storm events (AMK)





















20 mm or less storm events (AMK)


















25 mm or less storm events (AMK)



















30 mm or less storm events (AMK)



















35 mm or less storm events (AMK)





















50 mm or less storm events (AMK)



















70 mm or less storm events (AMK)

























Chapter 6 Suspended Sediment Concentrations  
Abstract 
 
This chapter examines the levels of suspended sediment concentrations (SSCs) 
and the influence of single and multi-peak storm events on suspended sediment 
mobilization. A quartile range of SSCs (50 – 350 mg/L) is found dominant during initial 
parts of storm events, while levels dropped to below 50 mg/L during the latter part of the 
storm events. However, a 90th percentile analysis shows the presence of higher SSCs 
reaching 400 – 750 mg/L in random storm events, with SSCs reaching as low as 2.61 
mg/L at the 10th percentile value. Jurong West (JW) has overall shown to exhibit higher 
mean SSCs than Ang Mo Kio (AMK) during wet, normal and dry periods. In both 
catchments, single and multi-peak storm events were shown to mobilize additional 
suspended sediment during large events with varying intensities. The time of arrival of 
suspended sediments recorded at the catchment outlet is dependent on catchment size. 
During some multi-peak storm events, suspended sediment supply is often observed to be 
exhausted.  
The potential of using turbidity as a surrogate for SSCs has been shown but the 
accuracy and its effectiveness has been challenged. Turbidity readings are much affected 
by sediment particle size and a wide range of pollutants which are washed away during 
storm events in the urban residential catchments. It is useful and suitable to use turbidity 
measurements as a surrogate for SSCs but it still requires frequent field visits to ensure 
the equipment is reliable to record turbidity levels accurately during storm events. 
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High sediment concentrations in stormwater are believed to be contributed from 
non-point sources namely, construction activities and pervious cover. The problem of 
high sediment discharge should be remediated with re-vegetation of damaged pervious 
cover and improvement of permeability of all urban surfaces. A revision of Singapore’s 
environmental laws should enforce Environmental Impact Assessments (EIAs) to be 
conducted in construction sites located within urban environments. This is because 
violations of environmental laws, especially those pertaining to waste water discharge, 















Keywords: Suspended Sediment Concentrations, Turbidity measurements, Single and 
multi peak storm events, Construction, Bare soil surfaces, Urban tropics 
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6.1 Introduction  
 
Wolman (1967) placed emphasis on high sediment erosion rates during the first 
phase of urbanization. Vulnerable topsoil is exposed and compacted when vegetation 
cover is removed. When the third phase of urbanization is reached, sedimentation rates 
would be kept low and stable. The reduction in sediment yield is due to the sealing of the 
catchment surface with erosion-resistant materials and the reinforcement of the river 
channel bank and bed (Gurnell et al. 2007). But urban development continues beyond the 
third phase. The urban environment is constantly being modified in accordance to 
societies’ needs. 
Au (1993) and Jim (1998a, b and c) put forth the damages on urban soils inflicted 
through urbanization. Using Hong Kong as an example, landslides were observed to have 
occurred under heavy storms conditions. This is due to heavily engineered and poorly 
stabilized slopes. Slopes become fully saturated during big storms and collapse. Malaysia 
and Singapore face similar slope failure problems (Balamurugan 1991; Gupta 2002; 
Rezaur et al. 2003). Singapore is a remarkable example where construction upgrading is 
constant on the island. The same development process is seen in Malaysia and has led to 
severe soil erosion and transport in urbanizing areas.  
Urban land use can be classified into several types, namely industrial, commercial 
and residential. Among all, evidence has pinpointed densely populated residential areas 
as the highest generator of total suspended sediments (TSS) compared to other urban land 
uses (commercial or low-density residential). In Taejon and Chongju cities, Korea, Jun 
and Ki (2000) found that high-density residential land use generated the highest 
pollutants levels. They recorded TSS of range 13 – 2796 mg/L in densely populated 
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residential catchments, as compared to 3 – 530 mg/L levels in industrial land areas. 
Overall, the order from highest to lowest in terms of unit pollutant loading rate, is as 
follows: high density residential > low density residential > industrial > undeveloped.  
Results by Lee (2002) show similar results. Sandy Bay Rivulet in Hobart, Australia, 
which drains into a residential area, recorded higher mean TSS (1252 mg/L) compared to 
Hobart Rivulet (59.2 mg/L) and New Town Rivulet (70.4 mg/L), which respectively 
drains the commercial and suburban catchments. Among the three mixed land use 
catchments comprising of forest, farm and settlement in the humid tropical climate of 
Nigeria, Jeje et al. (1991), recorded a range of high TSS values of 682 – 1540 mg/L in 
land use catchments with largest settlement land use.  
In Singapore, Chui (1997) found close suspended sediment concentrations (SSCs) 
in two small tributary catchments of different land usage in Stamford catchment. 
Tributary I (107 ha), servicing commercial and recreation land use, has SSCs values of 18 
– 223 mg/L, while Tributary II (62 ha) draining residential land use, had SSCs values of 
22.6 – 231 mg/L. Elsewhere in Queenstown (residential, commercial and green open 
spaces), Lim (2000) recorded a high SSC of 2785 mg/L caused by construction activities. 
Across six events, SSCs ranged from 30 – 550 mg/L during storm events, with a range of 
average values from 82.7 – 506.7 mg/L. In another residential catchment, Bedok (710 
ha), Lee (2001) recorded TSS average range values of 102 – 517 mg/L. However, actual 
TSS ranged from 24 – 947 mg/L.  
In order to execute an effective stormwater management programme to tackle 
sedimentation and flooding problems in urban environments, an in-depth understanding 
of the SSC levels during storm events is required (Lai 1993). Setting up a monitoring 
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program to keep track of constant sediment levels during storm events is an option. 
However, regular water sampling for SSCs is not a wise and realistic field monitoring 
decision for a long term basis.  
First, it is not only costly but also consuming in terms of manpower and time. 
Second, infrequent routine sampling, for example, weekly or monthly, may result in 
missed opportunities for sampling crucial storm events, thereby resulting in an 
underestimation of sediment levels (Gippel 1995). This is especially important in the 
tropics where erosion and sediment transport rates are much higher than temperate 
countries because different climatic conditions are faced and the intricate problem of 
sedimentation and erosion extend to land use changes in specific urban environments 
(Nagle et al. 1999).  Third, this method is not entirely effective in small watersheds as 
compared to larger catchments. This is because flashy hydrograph responses in smaller 
catchments would last only for a few hours (Mossa 1996). This is compared to large 
flood events in larger catchments that allow more time (days or weeks) for sampling 
(Walling 1983). Fourth, different methods of monitoring would also need to be 
considered in different geographical locations. For instance, in the tropics, where storm 
events are short and intense, flood occurrence is very fast. Thus time becomes a crucial 
factor for accurate stormwater sampling (Douglas 1993, and Chia and Foong 1991). 
To counteract these problems, an alternative is to use continuously recording 
turbidimeters that indirectly monitor SSCs. The processing of turbidity records into more 
meaningful SSCs (mg/L) was achieved by initial calibration into reproducible turbidity 
units and subsequent calibration into actual SSCs. Turbidimeters offer significant time 
and cost savings over automatic sampling systems. As technology improves, 
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turbidimeters could even be left in remote places for a long period of time and transmit 
data via telemetry. These turbidimeters are often built with additional features, including 
durability, low power consumption, minimal electronic drift, automatic temperature 
compensation and a means of overcoming the problem of window fouling due to algae 
growth (Gippel 1989). Therefore, it relieves the need for numerous field trips. Due to 
these benefits, this method has been widely adopted in several studies (Walling 1977; 
Gilvear and Petts 1985; Gippel 1989; Lewis 1996; Solo-Gabriele and Perkins 1997; Wass 
et al. 1997; Brasington and Richards 2000; Lenzi and Marchi 2000; Lim 2000 and Smith 
et al. 2003).  
However, the use of turbidimeters also poses problems. During calibration, 
several problems are encountered in the field. According to Gippel (1989), the American 
Public Health Association defines turbidity as the optical property of water which causes 
light to be scattered and absorbed rather than transmitted. Thus, it can be imagined that 
different particle sizes and pollutants that affect light transmission within a water column 
would indirectly affect turbidity measurements as well (Gilvear and Petts 1985). The 
great challenge would be the derivation of a good rating curve. Lammerts van Bueren 
(1984) managed to derive a linear rating relationship between turbidity and SSC for the 
Yarra River, Victoria, Australia, with an average slope of 1.4. He managed to obtain R2 
values of 0.6 (winter) and 0.9 (summer). On the other hand, non-linearity is seen in 
studies by Walling (1977), and Grobler and Weaver (1981). Finlayson (1985), who also 




Singapore’s residential land use can be classified into high density, medium 
density and low density types. According to Kwame (1999), 82.5% of the population live 
in high-density housing areas, 7.8% in medium-density and 9.7% in low-density. In the 
high density residential areas, population density reaches up to a maximum of 6,346 
persons per square kilometer. Two-thirds of Singapore’s city-state land is used for local 
catchments to sustain the nation’s water needs. Within these catchments, high density 
residential land use occupies the largest portion. The quality of waterways relies 
precariously on the pollutants washed out from these residential areas. 
With reference to previous studies, it is evident that residential land use is the 
driver of high SSCs as compared to other land use types (Chui 1997; Jun and Ki 2000 
and Lee 2002). It has a higher percentage of impervious surfaces, as buildings, 
pavements, roads and drainage are built to serve the people living within it. The presence 
of a high impervious environment leads to greater flooding risks. Thus, impervious areas 
are often designed to be well connected to the drainage network in order to divert 
stormwater out of the catchment. These impervious areas have been discussed in Chapter 
5 and are termed directly connected impervious areas (DCIA). A further understanding of 
different types of runoff processes was developed, namely, impervious and pervious 
runoffs in the two catchments. The finding of 36% and 42% pervious runoff events in JW 
and AMK respectively has indicated the potential of sediment contribution from pervious 
cover, especially when it is found that both catchments contributed immediate pervious 
runoff in the form of Saturation Overland Flow (SOF) and Hortonian Overland Flow 
(HOF) during storm events. From these evidences, it is postulated that Jurong West (JW) 
and Ang Mo Kio (AMK), as residential areas in Singapore, would also be strong 
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contributors of SSCs for the following reasons. First, Chapters 4 and 5 have shown rapid 
runoff responses in storm hydrographs and dominant impervious runoffs, which would in 
principle mobilize and transport sediment from urban sediment sources. Second, the 
presence of pervious runoff (SOF and HOF) has the potential to transport sediment from 
bare soil surfaces and large pervious cover in JW and AMK (refer to Chapter 5). Third, 
there would be much higher SSCs from soil erosion as a result of the high intensity of 
tropical storms. At the moment, SSCs have only been investigated in other land use 
densities. Chui (1997) only managed to study low-density housing areas. Lim (2000) 
studied a mixed land use catchment. Lee’s (2001) study, even though focuses on a 
residential catchment, is comprised of a mix of high, medium and low-density residential 
areas in the Bedok catchment. Adding to the list, this chapter seeks to carry out research 
to investigate SSCs in high-density residential catchments that were not researched by 
past local studies.  
In addition, this research will also make a comparison of SSCs during months of 
high and lower rainfalls, which has not been examined in the past studies. In Chapter 3, 
rainfall levels in different months have been shown to be different. The stormwater 
sampling period of this study lasted for 20 months, therefore allowing the seasonality 
impact on SSC levels to be assessed. This seasonal impact is based on rainfall levels in 
individual months (refer to Chapter 3).  
Overall, it is also hypothesized that JW and AMK, as high-density residential 
areas, will have SSCs higher than past local studies , and levels comparable to Jun and Ki 
(2000). This is because of the presence of pervious cover as potential sources and the 
tropical climatic conditions in Singapore. SSCs are also expected to be higher during the 
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wetter months as higher discharge levels are expected. This reasoning is based on the 
results from Chapter 4 which shows quick runoff is a combination of both storm 
magnitude and the catchment’s imperviousness.  Higher erosion rates would be 
encountered in larger storm magnitudes and intensities are more commonly experienced 
in wetter periods (refer to Chapter 3). Similarly, multi-peak events of longer duration 
were also found occurring more frequently during the wet months. With these working 
hypotheses in place, this chapter will undertake the following objectives: 
1. to examine the levels of SSCs of two small urban high density residential housing 
during wet, dry and normal months, 
 
2. to explore the patterns of sediment delivery behavior during tropical storm events, 
and 
 
3. to assess the potential of using turbidity measurements for SSCs monitoring. 
 
6.2 Suspended sediment concentrations during storm events 
6.2.1 General Characteristics 
  
Throughout the sampling period, a total of 1562 and 1107 stormwater samples 
was collected and analyzed for SSC in JW and AMK respectively. Highest SSCs in JW 
and AMK were 8459.21 and 9144.62 mg/L respectively. Figures 6.1 and 6.2 present the 
frequency distribution of SSCs in JW and AMK. From all samples, SSCs exceeding 1000 
mg/L only accounted for 1.66 and 0.99 percent in JW and AMK respectively. Other 
classes ranging 700 – 999 mg/L, 500 – 699 mg/L and 300 – 499 mg/L were also 
insignificant (< 1- 3% of all samples). More significant SSC classes are seen in 1 – 9 
mg/L, 50 – 99 mg/L and 100 – 299 mg/L, accounting for almost 55% of all samples. The 
most significant SSC class is 10 – 49 mg/L, which accounts for 40% of all samples. 
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These low SSCs are basically found during the receding limb. JW also shows higher 
percentages in SSCs class values of greater than 700 mg/L and (10 – 299 mg/L) than 
AMK. 


































Figure 6.1: Frequency distribution of suspended sediment concentrations in various 
classes in Jurong West (n = 1562). 
 





































Figure 6.2: Frequency distribution of suspended sediment concentrations in various 




 Variations of SSCs during a sampling sequence of 120 minutes, with every 
sample collected at 5 minute intervals, are presented in Figures 6.3 and 6.4. The figures 
show the lowest value, first quartile, median, third quartile and 90th percentile SSCs 
values of stormwater. The 100th percentile SSC values are presented in Figure 6.5 as 
their values are too high to be reflected in Figures 6.3 and 6.4. Figures 6.3 and 6.4 
indicate initial high SSCs in the beginning of storm events, followed by a drop to low 
levels after the initial sediment flush. Kirchner et al. (2000) attributed this suspended 
sediment delivery timing to the power-law distribution that also represents the exhaustion 
patterns of suspended sediment during storm events. This phenomenon is commonly 
known as the first-flush effect (Whipple et al. 1974 and Hunter et al. 1981). 
















































































Figure 6.3: Quantile values of suspended sediment concentrations levels in Jurong West. 























































































Figure 6.4: Quantile values of suspended sediment concentrations levels in Ang Mo Kio. 
The highest level presented here is the 90th percentile value. 
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Figure 6.5: Changes in the highest suspended sediment concentrations during sampling 
sequence in Jurong West and Ang Mo Kio. This figure represents the 100th percentile 
value of SSCs in Jurong West and Ang Mo Kio recorded during all storm events. Both 
catchments show constant low values from the 20th till 35th minute of the sampling 
sequence. This is shown later by fluctuations in suspended sediment concentrations in 
Jurong West. Ang Mo Kio only shows momentary fluctuations in the next 15 minutes, 





 The 90th percentile values in Figures 6.3 and 6.4 show high distinctive values as 
compared to the 75th percentile values. Therefore, with regard to the 100th percentile 
values in Figure 6.5, the gap becomes larger. The large gap is a strong reflection of storm 
events producing high SSC levels at random during the 2 hour water sampling period (see 
Figures 6.1 and 6.2). Since these high SSCs occur rarely and occur randomly, they 
account for a very low percentage portion of all SSC levels. Observations are also made 
on the position of median values. AMK presented median values that are more skewed 
towards the 25th percentile value than JW. This indicates the presence of sediment 
sources that contribute temporarily to higher SSC values. The temporary sediment 
sources refer to non-point sources (e.g. impervious surfaces) and construction activities 
that have already been highlighted in Chapter 2.  
 SSCs measured in both catchments are higher than past studies (Jeje et al. 1991; 
Chui 1997; Jun and Ki 2000; Lim 2000; Lee 2001 and Lee 2002). Higher SSCs against 
local studies have proved that high-density urban residential areas generate high SSCs 
levels. Such land use has also been seen in Korea whereby SSCs in residential land use is 
higher than commercial areas (Jun and Ki 2000). It is likely that a higher population 
density within an area would lead to higher traffic volume and a greater percentage of 
impervious surfaces. The variations in SSCs from the 45th minute to the end of the 
sampling sequence (see Figure 6.5) showed possible sediment contribution from the 
pervious cover (non-point source) in AMK and especially in JW. Higher concentrations 
and more variations in SSCs in JW can be explained by the presence of bare soil surfaces 
within JW catchment (see Plates 6.1 and 6.2). Sediment from these bare soil surfaces are 
transported by SOF and HOF during storm events into the drainage network. Another 
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process known as the rainsplash erosion will also occur whereby rain droplets or 
throughfall underneath the tree canopy will detach sediment particle from the soil 
surface. In Singapore, urban trees for example, the Tembusu specie is commonly planted. 
The species has large drip-tip leaves that can transform small rain droplets into large 
ones. These large rain droplets will fall as throughfall and depending on the size of rain 
droplets formed, these rain drops (throughfall) could cause extensive rainsplash erosion 
resulting in bare soil surfaces and poorly grassed areas underneath tree canopies (Lee 
2000) (see Plates 6.1 and 6.2). Once the sediment particles are detached by rainsplash 
erosion, the sediment particles can enter directly into the drains or wait to be transported 
via pervious runoff (SOF) or overland flow (on impervious surface) into the drainage 
network. In Chapter 5, it has been highlighted that stemflow can be substantially large to 
create HOF at the base of the tree, which will also carry the detached sediment (from 






Plate 6.1: The bare soil patches are commonly found at roadsides and is a potential sediment 
source. The drainage inlets are also located beside these bare soil surfaces making it easier for 
sediment to be transported into the drainage network.   
 
 
Plate 6.2: Suspended sediment contribution from bare soil patches during storm event. The photo 
shows saturation overland flow and hortonian overland flow laden with silt and clay accumulated 
as storm event continues. This will eventually flows over the curb and into the drainage inlet 
beside it. The arrows in the picture denote the direction of flow. When saturation overland flow 
and hortonian overland flow are generated, throughfall will erode sediment from soil through 
splash erosion. The sediment particle will be detached from the soil surface and transported via 




6.2.2 Individual storm events 
 
 In Chapter 4, it was shown that storm events comprised of single and multi-peak 
storm events. These varying characteristics of storm events have differing effects on 
suspended sediment mobilization patterns. In this chapter, smaller storm events of less 
than 2 mm are also taken into consideration because of their ability to be able to transport 
suspended sediments from impervious surfaces.  
 The magnitude of single peak events has been found to influence SSCs discharge 
timings. This would lead to incidences of storm events with maximum SSCs before peak 
discharge and others, with peak SSCs coinciding with the peak discharge. Mossa (1996) 
and Walling (1983) have mentioned that small catchments tend to have flashy 
hydrographs and that such pulsating patterns have led to patterns of SSCs which are 
dissimilar to discharge patterns. Examples of these storm events are presented here. In 
small magnitude events in JW and AMK, the highest SSCs were occasionally seen 
coinciding with its peak discharge, as shown in Figure 6.6 and 6.7. It is strongly believed 
that the discharge generated by these small magnitude storm events are only capable of 
either transporting sediment from impervious surfaces or re-mobilizing sediments which 
are deposited within the drainage channels. These impervious surfaces are mainly DCIA 
and runoff from small storm events comes mostly from DCIA. Small storm events are 
often short in duration and have low runoff rates. These storm characteristics would only 
possess sufficient wash-off energy to transport dislodged suspended sediment from 
impervious surfaces. Thus SSCs during peak discharge are also likely to be at their 
highest. The storm duration will also be short, meaning discharge levels will plummet 
significantly and quickly. Levels of suspended sediment will likewise follow.  
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Figure 6.6: A 1.6 mm event on 06/03/05 in Jurong West showing 
peak SSCs coinciding with peak discharge. 
Figure 6.7: A 3.2 mm event on 13/02/06 in Ang Mo Kio. The first-flush is 
seen coinciding with peak discharge. However, secondary rise in SSC took 
place along the recession limb. 
 
  145 
 In Figure 6.8, the storm event (14.8 mm) in AMK showed rises in SSCs at the 
base of the recession limb. This characteristic is also seen in Figure 6.7. In JW, larger 
storm magnitudes mobilized further rises in SSCs. In Figure 6.9, the larger storm event 
(39.8 mm) brought (i) an initial weak flush. In SSC marked (ii), a strong second flush is 
seen coinciding with peak discharge marked and followed by (iii and iv) which saw small 
rises in SSC during the later part of the storm period. During a 12.6 mm storm event, the 
first flush in SSC is seen coinciding with peak discharge (i), followed by (ii) a late small 
rise in SSCs (see Figure 6.10). It should be noted that the later rise in SSCs is very short 
and sudden, reflecting the rapid change in SSCs in small catchments. However, it is 
interesting to observe in Figures 6.9 and 6.10, that rises in SSCs took place at the base of 
the falling limb of the hydrograph. In AMK, (see Figures 6.7 and 6.8), rises in SSCs are 
observed to take place along the falling limb of the hydrograph. These observations only 
show the effect of catchment size in the delivery of suspended sediment from the source 
to the catchment outlet. AMK is a smaller catchment where suspended sediment only 
needs to travel shorter distances compared to JW. Thus, rises in SSCs will be seen along 
the recession limb rather than at its base.  
These larger magnitude storm events, as compared to small events in Figure 6.6, 
have demonstrated their ability to mobilize additional suspended sediment from 
catchments. The sediment could come from pervious cover due to rainsplash erosion as 
bigger storms would be able to dislodge fine particles from soil surface. Pervious covers 
in both catchments are possible sediment sources. This is because Chapter 5 has already 
demonstrated that pervious runoff from SOF does occur in JW and AMK. AMK has a 
higher number of pervious runoff events as it has a significant pervious cover. It is also 
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known that when storm magnitude increases, suspended sediment sources would have 
extended to pervious cover within the catchments. Figures 6.8 – 6.10 are examples of 
larger storm events. A comparison among them shows generally more spikes in SSCs 
when the storm magnitude increases. This is one indication of the vulnerability of 
pervious cover to erosion during large storm events. In AMK, soil erosion from its 
pervious cover as a result of SOF or HOF will occur. In JW, despite having a smaller 
percentage (16%) of pervious cover, it is believed that higher erosion rates will occur in 
the catchment. This is because there are numerous bare soil patches littered within the 
catchment. To begin with, these urban soils are highly compacted and have poor 
infiltration rates (see Figure 4.10). Daily trampling by human traffic has created 
numerous bare soil surfaces that exposed degraded soil to further erosion by wind and 
especially accelerated storm runoffs.  
 The contribution of suspended sediment by bare soil patches in vegetation cover 
is also highlighted by Harbor (1999) and Bartley et al. (2006). SSCs generated from 
vegetation with bare patches can be 60 times higher than well-vegetated surfaces. 
Douglas (1993) also highlighted the limitation of urban pervious cover design because 
they are often built near DCIA which leads to a high level of sediment delivery into 
drainage networks. In JW, soil erosion from bare soil surfaces by rainsplash erosion, SOF 
and HOF were observed during storm events (see Plates 6.1 and 6.2). In addition, 
pervious cover in JW and AMK are often located near DCIA routes, especially roadside 
curbs, making it  even easier for sediment to be transported into the storm drainages. 
Figure 6.11 shows the spatial distribution of bare soil patches within an area in JW as a 
representative of other JW areas. 
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Figure 6.8: A 15.8 mm storm event on 12/04/06 in Ang Mo Kio. There is a rise in SSC before 
peak discharge and a secondary rise in SSC along the recession limb. 
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    Figure 6.9: A 39.8 mm event on 25/10/05 in Jurong West. (i) shows a 
weak  sediment flushing, (ii) second flush coinciding with peak 
discharge, and (iii and iv) small rises in SSC seen at latter part of storm 
event. 
 
Figure 6.10: A 12.6 mm event on 13/12/05 in Jurong West. (i) shows a 
flushing effect coinciding with peak discharge and (ii) small rises in 
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Figure 6.11: A representative area in Jurong West catchment showing the spatial distribution of bare soil patches and poor vegetation 
cover. This area also shows the numerous drain openings along the roads, indicating roads as major component of DCIA. 
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 During multi-peak storm events, suspended sediment contribution is observed to 
be both continuous and exhaustive. Five storm events from JW and AMK are shown to 
demonstrate the continuous contribution of suspended sediment during multi-peak events. 
Figures 6.12 – 6.14 show the storm events in JW and Figures 6.15 and 6.16 show the 
storm events in AMK. All of them have demonstrated the effects of later discharge 
increases, which led to further increases in SSCs. Among them, 4 are multi-storm events 
(see Figures 6.12 – 6.15).  In these multi-storm events, the later storm event is larger than 
the earlier event. The sediment patterns showed that the sediment mobilization relies 
greatly on fluctuating discharge/ runoff amounts. The change in storm intensity brought 
forth these changes, more sensitively in urban environments.  
In the tropical climate regime, multi-storm events are pulsating with variable 
changes in intensities or occurrences of subsequent storms which arrive an hour or two 
later. Sediment is further generated in these multi-storm events. These tropical storm 
intensities are capable of detaching sediments from sources such as pervious covers and 
construction sites. A large storm magnitude, as discussed earlier, is capable of triggering 
additional suspended sediment load. In the case of multi-storm events, it is imaginable 
that these events play an efficient role in the detachment and transportation of sediment.  
The first storm will work on the detachment of sediment from sources (e.g. 
impervious surfaces, pervious cover and road surfaces) and the second storm will involve 
the transportation/ removal of detached sediment (see Figures 6.12 – 6.15). The first 
storm is a smaller event which would detach suspended sediment from sources. However, 
being small, they may not be able to transport all of the suspended sediments, especially 
the coarser sediment particles, to the catchment outlet. Thus, sediments will either be 
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deposited in-situ or within the catchment but away from the sources. When the next 
larger storm event arrives, they will be transported. Plates 6.3 and 6.4 are photos taken 
before and during storm events to verify this explanation.  
This process of detachment and transportation is also shown in Figure 6.16, which 
is a single storm event but with continuous changes in intensities that concurrently 
carried out the roles of detachment and transportation of suspended sediment. Overall, 
considering the continuous rise in SSCs throughout the storm event, as shown in Figures 
6.12 – 6.16, multi-storm peak detachment and mobilization effects on suspended 
sediment mobilization from pervious cover or construction sites may explain the 
randomly high SSCs in Figures 6.3 – 6.5. This is because the first-flush effect would 
logically wash off sediment from impervious surfaces. Any further rise in SSCs is likely 
to be contributed from pervious cover or construction sites. 
 Besides storm characteristics, catchment activities are also responsible in 
providing sufficient availability of sediment during storm events to provide for the 
continuous SSCs rises shown in Figures 6.12 – 6.16. It has been mentioned that bare soil 
patches in JW are strong contributor of sediments in the catchment. In AMK, the 
significant source of sediment contributing source was construction activities during the 
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Figure 6.12: A 36.4 mm multi-storm event on 04/01/06 in Jurong West. The figure shows 
numerous spikes in SSCs in response to multi-peak discharges. The storms comes in the 
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 Figure 6.13: A 45.2 mm multi-peak event on 16/11/05 in Jurong West. 
The figure shows rises in SSCs with rises in discharge levels.  
 
Figure 6.14: A 10 mm multi peak event on 05/09/06 in Jurong West. 
The figure shows an initial strong sediment flushing before the peak 
discharge. A lower SSC increase is experienced in the secondary 
discharge increase.  
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 Figure 6.15: A multi peak event on 09/05/06 in Ang Mo Kio. The 
figure shows SSC responding to increases in discharge levels. A small 
increase in SSC is seen at near the base of the recession limb.  
Figure 6.16: A multi peak event on 26/04/06 in Ang Mo Kio. The storm is 
seen generating 4 discharge peaks but only 2 peaks in SSCs. A secondary 
flush of suspended sediment is higher than the first one even though the 
increase in discharge is not as great as the initial ones. 
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Plate 6.4: Photos showing sediment deposited 
beside a drainage inlet after a storm event, 
awaiting to be transported at the next storm 
event. These sediment originated mainly from 
bare soil surfaces at the side of pavements 
(below) or along roadside curbs (left side).   
Plate 6.3: Photos showing 
detachment and mobilization 
of deposited sediment from 
bare soil during a storm 
event. (Top left) Sediment 
deposited on the pavement 
after a storm event. (Left) 
The similar sediment is 
further remobilized in the 
next storm. Concurrently, 
more suspended sediment is 
washed from the bare soil 
patches. 
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  However, not all multi-peak events described earlier showed the effects of 
continuous suspended sediment contribution (see Figures 6.17 – 6.20). In Figure 6.17, the 
presence of a larger storm magnitude failed to initiate further suspended sediments in the 
catchment despite a large increase in discharge levels (marked ii). It was only capable of 
initiating a small peak SSC before the large peak discharge.  It is clearly seen that there is 
an exhaustion of sediment sources with numerous high SSCs before the second storm 
event. This is further evident when the SSCs rise (marked i) from the later large storm 
event is smaller than the previous SSCs rise.  
 In Figures 6.18 – 6.20, the absence of later SSC rises as shown in Figures 6.12 – 
6.16 can be attributed to a few factors. One, the later storm event is smaller than the first 
event so runoff energy would be incapable of mobilizing coarser suspended sediment 
material. This is because finer suspended sediment materials would have been washed off 
in the first event, which is a larger storm event as compared to the later one. The second 
explanation relates to a catchment characteristic that applies more in AMK. Figures 6.19 
and 6.20 belong to storm events occurring in AMK. Being a small catchment, AMK has a 
smaller availability of sediment sources. In addition, earlier Figures 6.15 and 6.16 show 
continuous SSCs because they occurred when there were ongoing construction activities. 
However in the case of Figures 6.19 and 6.20, in storm events which occurred during 
August 2006, the availability of sediment sources became limited once again as 
construction activities had already ceased in July 2006. The influence of construction 
activities on sediment supply in AMK is so apparent that no strong mobilization of 
suspended sediment is seen in the large storm event (35.4 mm) in Figure 6.20.   
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Figure 6.17: A 15.8 mm multi peak event on 06/04/05 in Jurong 
West. The storm is seen generating high rises in SSCs after the first 
storm event. However, the final storm event failed to record any 
further SSCs increase.  
Figure 6.18: A 11.8 mm multi peak event on 22/09/05 in Jurong West. 
The storm is seen generating an immediate rise in SSC in the first storm 
but failed to record any SSC rise during subsequent storm events. An 
opposite storm sequence (large – small storm event) is seen compared to 
Figure 6.17.   
i 
ii 
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Figure 6.19: A 7 mm multi peak event on 08/08/06 in Ang Mo Kio. 
The storm is seen generating peak SSC before peak discharge but 
failed to record any SSCs increase in the latter storm event. Similar 
storm sequence is seen as Figure 6.18. 
Figure 6.20: A 35.4 mm multi peak event on 15/08/06 in Ang Mo Kio. 
The storm is seen generating immediate rise SSC in the first storm but fail 
to record any SSC rise even though there is a significant rise in discharge 
level at the end of the storm event.   
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6.2.3 Seasonal variations 
  
The effects of wet months, dry months and normal months on the SSCs are 
summarized in Table 6.1. In terms of highest SSCs, normal months in both catchments 
experienced the highest SSC value while dry months experienced the lowest. Higher 
average SSCs were also experienced during the normal months as compared to dry and 
wet months. This may largely be due to smaller magnitude storm events that prevail more 
often during dry months. This has been demonstrated in Chapter 4, which discussed the 
distribution of small and large magnitude storm events across months of varying rainfalls. 
It is mostly small storm events which are more commonly observed during the dry 
period. 
 The average SSCs of JW is higher than AMK in all months. This is seen 
especially in the 75th percentile value, which is 20 – 50% higher. Higher SSCs in JW are 
attributed to its large impervious cover, catchment size and numerous bare soil surfaces. 
Chapter 5 showed that the majority of JW runoff was due to to impervious runoff, which 
would also explain its higher SSCs compared to AMK’s. The presence of SSCs rises in 
multi-peak events also indicate an ample sediment supply which possibly came from bare 
soil surfaces.  A box plot of SSCs percentile values is presented in Figures 6.21 and 6.22 
to show the distribution of SSCs in different months. The highest value presented is the 
90th percentile value as 100th percentile values are too high to be graphically reflected. 
The highest SSCs values nevertheless are shown in Table 6.1. JW and AMK have the 
lowest inter-quartile range of SSCs during the dry month period. In the other months, the 
inter-quartile range remains more or less the same with small differences between the wet 
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and normal months. The large gap between the 90th and 75th percentile SSC values are 
seen once again, especially during wet and normal months. This shows that random storm 
events, contributing to uncommonly high SSCs, are less likely to occur during the dry 
months. This is due to smaller magnitude storm events which occur more commonly 
during the dry months. 
Highest and average SSCs values were both observed in normal months, rather 
than in the anticipated wet months (see Table 6.1). It was found that construction 
activities mostly occured during normal months compared to wet months. This leads to 
the possibility of higher SSCs in the normal months than wet months. Further 
investigations also highlighted that both the highest SSCs in JW and AMK catchment 
were obtained when the float switch of the stormwater sampler was activated by a small 
rise in water levels during dry weather flow. The dry weather flow was found with high 
SSCs that were discharged from construction sites and not a result of seasonal effects (see 
Figures 6.1 and 6.2). The figures showed that SSCs exceeding 1000 mg/L accounted for 
less than 2% of total stormwater samples collected during the sampling period. It 
certainly suggests that such exceptionally high SSCs, especially the highest SSC (see 
Table 6.1) are not a common result of sediment removal and mobilization by storm 
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Table 6.1: Details of SSC percentile variations according to wet, dry and normal months. 





















554 460 548 357 181 569 
Lowest SSC 1.16  1.01 1.01 1.09 1.17 0.99 
Highest SSC 3348.3
9 
1228.83 8459.21 1064.63 456.84 9144.62 
Average SSC 97.63 55.49 191.01 68.17 43.03 167.11 
Inter-quartile 
range 






























Figure 6.21: Distribution of suspended sediment concentrations over wet, dry and normal 
months in Jurong West. The highest value represented in this figure is the 90th percentile 
value. A large difference between the 75th and 90th percentile value is seen during the wet 
and normal months. 
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Figure 6.22: Distribution of suspended sediment concentrations over wet, dry and normal 
months in Ang Mo Kio. The highest value represented in this figure is the 90th percentile 
value.  Similar to JW (Figure 5.13), a large difference between the 75th and 90th percentile 
value is seen during the wet and normal months. 
 
 
6.3 Turbidity as a surrogate for suspended sediment 
concentrations 
 
6.3.1 Turbidity levels 
 
 Data reveals that turbidity levels at each 5 minute interval respond closely to 
rainfall events. Turbidity reaches levels of 300 – 600 NTU during the first flush. 
However, there were occasions when these levels exceeded 1000 NTU. Figure 6.23 
shows turbidity levels in response to a storm event. It has also observed that there were 
also spike increases in turbidity levels during the post-storm period. Under the baseflow 
conditions, turbidity levels were found below 100 or even 20 NTU. However, turbidity 
levels do not remain fairly constant at low discharge levels. During the dry weather flow 
conditions, turbidity levels were sometimes found to increase (see Figure 6.24).  
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 Figure 6.23: Changes in turbidity levels during a storm event on 12/11/05 in Jurong 
West. Turbidity measurements are observed to rise during discharge levels. However, 
rises in turbidity are also seen at baseflow levels before and after storm events. 
   



































Figure 6.24: Changes in turbidity levels during dry weather flow on the 01/11/05 in Ang 
Mo Kio. 
 
 In JW and AMK, different types of anthropogenic and vegetation litter (e.g. 
plastic bags, domestic foods, dead leaves and branches) were found during storm events 
and dry weather flows. These different types of pollutants explain the uncharacteristic 
fluctuations in turbidity levels in Figures 6.23 and 6.24. In JW, the growth of algae within 
canal walls also contributed to turbidity fluctuations (see Figure 6.25 and Plate 6.5) 
during dry weather flows. This is seen especially during drier months, whereby algae 
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bloomed in JW but not in AMK. The algae are blackish in colour. During drier months, 
infrequent and low flows allowed them to grow on the walls of the culvert where the 
turbidity sensor was installed. During the wet and normal months, faster and frequent 
flows from larger and stronger intensity storm events were experienced and this reduced 
the chance of algae growth on canal walls. The problem of inaccurate turbidity 
measurements through sensor window fouling by algae growth and the scratching of the 
optical surface has been raised by Brabben (1981, cited in Gippel 1989).  
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Figure 6.25: Fluctuations of turbidity levels due to algae growth during the dry month of February 
2005 in Jurong West. In the figure, a storm event occurred on 26/02/05. The constant low 
readings of turbidity levels are due to routine visits to the site to clean the turbidity optic from 
algae growth on it. 
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6.3.2 Turbidity rating curves  
 
The use of turbidity as a surrogate for SSCs measurements is conducted through 
the turbidity - SSC rating curve. The process of obtaining a good rating curve is 
challenging as turbidity is greatly affected by several water conditions, as mentioned 
earlier. A strategy adopted in this study was to reduce the degree of scattering of data 
points within scatter plots in the rating curve.   
Two separate turbidity-SSCs rating curves for JW and AMK catchments were 
needed as it is perceived that pollutants from the different catchments would lead to 
different stormwater conditions that affect turbidity readings. Each data point was 
obtained by pairing every SSC value against turbidity values recorded by the YSI sonde 
at the same time. In this study, samples were collected at every 5 minute interval and 
turbidity readings were also recorded at similar time intervals. However, caution was 
exercised to ensure that readings were as accurate as possible (refer to Chapter 2, Section 
2.7), so as to avoid turbidity measurement problems.  
The rating curve predominantly showed  data points towards lower turbidity range 
below 500 NTU for both catchments. There were occasions when NTU levels rose above 
Plate 6.5: Picture showing a 
YSI logger installed in 
Jurong West. Notice the 
amount of anthropogenic 
debris accumulated behind 
the logger during dry 
weather flow during the dry 
months of February 2005 
and 2006. The growth of 
algae growth along the 
culvert walls has resulted in 
water discoloring and 
staining of the YSI logger. 
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1000 NTU in the Jurong West catchment. Selection of data for turbidity rating curve was 
done through a two-stage selection process. In the first stage, SSCs and turbidity 
measurements were matched for each individual rain event. A linear relationship was 
established in every rain event and those with R2 values of 0.6 and higher were screened 
out for second-stage analysis. The second-stage process consisted of using all selected 
rain events from stage 1 and derived into respective catchment’s turbidity - SSC rating 
curve. 
Two separate turbidity-SSCs rating curves for JW and AMK catchments are 
shown in Figures 6.26 and 6.27 respectively. After the reductionism method, in total, 450 
and 148 turbidity-SSC measurements were respectively established for both JW and 
AMK for calibration purposes. A linear relationship has been developed for JW and a 
polynomial rating curve for AMK. Both rating curves showed a moderately significant 
relationship with R2 values of 0.5305 and 0.7443 for JW and AMK respectively.  
Turbidity SSC Rating Curve for Jurong West 



















           
Figure 6.26: A linear turbidity – suspended sediment concentration rating curve for 
Jurong West. R2 = 0.5305. 
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Turbidity SSC Rating Curve for Ang Mo Kio


















  Figure 6.27: A polynomial relationship developed for Ang Mo Kio turbidity – 
suspended sediment concentration rating curve. The rating curve relationship is more 
significant (R2 = 0.7743) compared to Jurong West. 
               
 Correlation analysis between SSCs and turbidity has shown to produce 
coefficients of determination, R2, from 0.6 to 0.9 in  studies by Gippel (1989), Grayson et 
al. (1996), Wass et al. (1997), Wass and Leeks (1999), and Lim (2000). In her study of 
Queenstown, Singapore, Lim (2000) obtained a significant linear relationship with an R2 
value of 0.8191 with samples collected at 15 minute intervals. Sun et al. (2001) attempted 
to experiment with the influence of different hydrograph stages on turbidity and SCC 
relationship, obtaining all polynomial R2 values of 0.472, 0.5482 and 0.7933 for stages 1, 
2 and 3 respectively.  
 The non-linear relationship between turbidity measurements and SSCs in AMK is 
not a concern as Finlayson (1985) and Gippel (1989) reported that both linear and non-
linear relationships are not that crucial. A non-linear relationship is a possibility whether 
in forested or urban environments because both dissolved organic substances and particle 
size can vary during storm events. This is especially the case when SSCs in a catchment 
are determined very much by hydraulic conditions. When the discharge level increases, 
larger sediment particles will be mobilized more easily. In this case, the turbidity 
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response to increased concentration would be non-linear due to the associated decrease in 
particle surface area per mass (Gippel 1989 and Foster et al. 1992).  
 Even though the R2 values for both JW and AMK catchments are not at very high 
values (JW – 0.5305 and AMK – 0.7743), they are still within the range of earlier cited 
literature. A higher R2 value by Lim (2000) in her study of water quality in Queenstown 
catchment might be attributed to the smaller number of samples in the 6 storm events that 
were sampled within a short period of time and also the sampling interval of 15 minutes. 
The rapid changes in SSCs that might have caused data scattering could have been 
avoided with a longer sampling interval. However, this study has preferred a sampling 
interval of 5 minutes because it has been observed that SSCs changes rapidly in a matter 
of minutes (refer to Chapter 2). In addition, this study has a longer 20 months of sampling 
period. Therefore the probability of poorer turbidity measurements is higher due to a 
greater number of factors that span over a longer time period.  
It should be highlighted that heteroscedasticity is present in Figures 6.26 and 6.27. 
In this study, it is assumed that sediments were the only pollutant that influenced the 
turbidity conditions of stormwater. This would lead to an assumption that the data points 
within the rating plot will have a constant variance from the trend-fitting line. Such 
situations, are known as homoscedasticity. However, heteroscedasticity and not 
homoscedasticity exist in Figures 6.26 and 6.27. It means that the degree of variance 
error varies in each data point (turbidity-SSC measurement). There are different degrees 
of scatter in each data point from the trend fitting line. This is likely to happen as the 
turbidity measurements comprised of measurements taken in different days. In addition, 
sediment is not the only pollutant affecting the turbidity levels of stormwater.  
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The problem of heteroscedasticity can be solved in certain ways but it is the not 
the primary objective in this study. The various solutions include using different 
specification for the model (different X variables, or perhaps non-linear transformations 
of the X variables). A non-linear transformation has been made in the case of Figure 6.27 
in AMK catchment but heteroscedasticity is still seen even though a lower degree of 
scattering is seen in AMK compared to JW. Another way is to apply a weighted least 
squares estimation method, in which ordinary least squares is applied to transformed or 
weighted values of X and Y. The weights vary over observations, depending on the 
changing error variances. This solution could be applied in this study but it is not 
recommended because, firstly it will take immese amount of work to account for each 
observation error (given that there are so many storm events recorded in this study). 
Secondly, turbidity measurements are not used as inputs for sediment estimate in the 
sediment-rating curves but only used in the assessment as a suitable surrogate.  The 
actual SSCs obtained from stormwater sampling during storm events will be used in the 
estimate of sediment yield in the two catchments. Therefore, by not solving the problem 
of heteroscedasticity in this study, the estimate of the annual sediment yield of both 
catchments will not be affected. But it should be highlighted that an application of the 
weighted least squares estimation method would be needed if the turbidity measurements 
of this study are to be used for sediment estimate predictions in the future. 
 The problem of heteroscedasticity in Figures 6.26 and 6.27, which has resulted in 
poor linear and non-linear regression relationship between SSCs and turbidity in JW and 
AMK respectively, can be explained by several reasons.  First, the optical property of 
water can change significantly within storm events due to different sediment particle 
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sizes transported at different times of the storm event (Wass and Leeks 1999) given that 
turbidity sensors are more sensitive towards finer sediments. This problem surfaces in 
urban studies as there are several sediment sources in urban areas as compared to the 
natural environment. This would mean a large variety of particle sizes coming from the 
carpark, vegetation cover, housing upgrading and atmospheric deposition, all of which 
will be washed into the drainage. Changes in water colouring can also be affected by the 
different types of sediment and pollutants discharged into the drainage network (Imeson 
and Duysings 1984; and Williamsson 1985). It is commonly cited that the stormwater 
would become more turbid with so many different pollutants entering the waterways. 
This would affect the accuracy of the turbidity sensor when the measurement of higher 
turbidity levels is needed (Ellis 1977; Tucker and Mortimer 1978; Ellis et al. 1982, and 
Charackis and Wiesner 1997).    
6.3.3 Assessment of turbidity as suspended sediment concentrations 
surrogate 
  
The rating curves are applied to various storm events which are also sampled 
directly for SSCs. The calculated SSCs are derived from continuous turbidity 
measurements using the catchments’ turbidity-SSC rating curves (see Figures 6.26 and 
6.27). The comparison between actual SSCs and calculated SSCs are reflected 
respectively in Figures 6.28 and 6.29 for JW and AMK.  The two figures have shown that 
turbidity patterns can be good indicators of SSCs patterns in stormwater in some storm 
events, as well as poor indicators of SSCs patterns. 
 The patterns of calculated SSCs (calculated from turbidity-SSC rating curve) 
corresponding well to the actual SSCs levels are seen in the following events: JW = 
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18/02/05 and 03/03/05, and AMK = 30/05/06 and 24/07/06. For these events, calculated 
SSCs show similar trends in the rise and fall in SSCs levels as compared to actual 
measurements. A less successful result between calculated SSCs and actual SSCs is seen 
in the events JW = 03/05/05 and AMK = 17/02/06. In both events, calculated SSCs and 
actual SSCs showed a general gradual decrease in levels but in actual SSCs, there were 
small fluctuating changes which were not reflected in the turbidity levels.  There were 
also occasions whereby measured turbidity levels do not reflect accurately of the actual 
SSCs. For example, Figure 6.28 shows that the calculated SSCs did not correspond to the 
trends of actual SSCs for JW during a storm event on 02/08/2005. The same is seen in 
AMK’s storm event (12/12/05). Actual SSCs were underestimated and showed an early 
peak in SSCs as compared to actual measurements. 
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Comparison of actual SSC and calculated SSC 
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Figure 6.28: Figures showing the actual suspended sediment concentrations and calculated suspended sediment concentrations 
patterns of similar storm events in Jurong West. The calculated SSCs are based on the turbidity rating curve and calculated from 
turbidity measurements. Turbidity rating curves applied to storm events (03/05/05 and 02/08/05) show turbidity as a poor surrogate for 
SSCs measurements. However, storms events (19/02/05 and 03/03/05) show the opposite.  
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Comparison of actual SSC and calculated 








































Actual SSC Calculated SSC
Comparison of actual SSC and calculated 









































Actual SSC Calculated SSC
 
Comparison of actual SSC and calculated 










































Actual SSC Calculated SSC
Comparison of actual SSC and calculated 










































Actual SSC Calculated SSC
 
Figure 6.29: Figures showing the actual suspended sediment concentrations and calculated suspended sediment concentrations 
patterns of similar storm events in Ang Mo Kio. The calculated SSCs are based on the turbidity rating curve and calculated from 
turbidity measurements. Storm events (30/05/06 and 24/07/06) reflect the excellent use of turbidity measurements as a surrogate for 




 Overall, it can be seen that turbidity measurements from turbidity – SSCs rating 
curves can estimate accurate patterns of SSCs as compared to the actual SSCs levels 
measured in both catchments. However, this may not succeed in all storm events. Storm 
and catchment characteristics can be influential factors. In the tropical climate, if storm 
events are short in duration and exhibit high intensity at the start of the event, it is likely 
that a singular strong first-flush effect will happen. This would lead to better predictions 
of SSCs using turbidity measurements. This is because lower SSCs during the latter 
period of the storm event would allow for more accurate turbidity readings to be 
measured. It should be remembered that the relationship between turbidity and SSCs can 
be non-linear. This means that when SSCs levels increase, turbidity levels could become 
less accurate (Gippel 1989 and Foster et al. 1992). However, when large storm events last 
for more than an hour and had variable changes in intensity, more sediment will be 
mobilized from more different sources. This would lead to differences in sediment 
particle sizes. In the stormwater, a combination of different sediment particles will affect 
the turbidity levels. On the other hand, SSCs only account for the suspended sediment 
particles and not the other  non-suspended sediment particles which are coarser. 
Therefore, it is likely that turbidity levels would not reflect very accurately the actual 
SSCs in stormwater. 
The use of turbidity – SSCs rating curves to estimate accurate patterns of SSCs is 
also dependent on catchment characteristics. A better fit between actual and calculated 
SSC in AMK compared to JW (see Figure 6.29), as well as a more significant rating 
curve (see Figure 6.27), indicate catchment characteristics as an influential factor in the 
success of turbidity as a surrogate. Different catchments have different types of pollutants 
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that may affect turbidity readings. In this case, the presence of algae in JW may 
contribute to inaccurate turbidity readings, leading to a much poorer fit between the 
actual and calculated SSCs (see Figure 6.26). This may also contribute towards poorer 
rating curves (R2 = 0.5305) as compared to AMK (R2 = 0.7743) (see Figures 6.26 and 
6.27). In addition, there is also a difference in sediment particle size between the two 
catchments. AMK’s sediment particle sizes are coarser as compared to JW’s. This is 
because the sediments, mostly sand particles, came mainly from construction sites. In 
JW, there were more sediment sources, for instance, construction sites and bare soil 
surfaces. This would create a more complex mixture of sediment particle sizes in the 
stormwater. This would probably also explain the poorer turbidity – SSCs rating curves 
in JW compared to AMK.  
There is potential in using turbidimeters in urban environments, as demonstrated 
by this study. The evidence is shown in Figures 6.28 and 6.29, which show a close match 
of actual and calculated SSCs (in some storm events) in the respective catchments. To 
ensure such success, there is a need to carry out regular maintenance on the turbidity 
sensors. Even though the turbidity optical surface used in this study is equipped with a 
wiper arm (a mechanized arm with a sponge attached) to clean the optic surface before 
every measurement, the sponge would still need to be replaced regularly due to wear and 
tear. It is also seen during drier months that algae growth is especially a nuisance.  
Gippel (1989) has suggested the placement of a turbidity sensor above dry 
weather flow to avoid the fouling problem by algae. However, this is still no feasible 
method as rubbish from storm events will still accumulate near the optic sensor and 
obstruct accurate turbidity readings. Thus, regular field visits are not only needed to 
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provide regular maintenance of the sensors but also to ensure that litter accumulated at 
the sensor from previous storm events are cleared so as not to interfere with the turbidity 
measurements. Overall, turbidimeters serve as a useful tool for researchers to monitor 
SSCs, especially in remote areas. However, benefits from turbidimeters will only be 
reaped if efforts are made to ensure the equipment is functional. After all, regular time 
spent in equipment maintenance will nevertheless still be less taxing than stormwater 
collection and SSCs analysis.  
6.4 Conclusion and management implications  
 
 This chapter sought to investigate levels of suspended sediment concentrations 
(SSCs) in two small urban high density residential housing areas during wet, dry and 
normal months. Patterns of suspended sediment delivery during single and multi-peak 
storm events were also observed. The monitoring of suspended sediment concentrations 
in stormwater helps to monitor pollutant levels in waterways. However, regular sampling 
of SSCs was not feasible as it is both time consuming and costly. Therefore, turbidity 
measurements were carried out to assess their usefulness as a surrogate for SSCs in small 
urban catchments. 
 Despite the fact that the highest SSC is shown in AMK, JW displays higher 
average SSC values than AMK. There are storm events whereby SSCs exceeded 3000 
mg/L but SSCs of higher than 500 mg/L remained low (< 2%). Higher SSCs were seen 
during the initial part of storm events, indicating a flushing effect at the start. As 
predicted in the hypothesis set up at the beginning of the chapter, JW and AMK have 
higher SSCs than past studies, especially local studies. Such higher values have also 
further confirmed that high density residential land use generates high levels of 
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suspended sediment. It is perceived that a higher population density within an area would 
lead to a higher traffic volume and greater percentage of impervious surfaces, which are 
strong generators and mediums in the transport of suspended sediment. In addition, 
pervious cover, especially bare soil surfaces in JW are believed to be strong contributors 
of sediment during storm events. This has lead to fluctuating SSCs rises after the first 
sediment washout from impervious surfaces.  
 Analysis of individual storm events reveals larger single peak storm events to be 
able to mobilize more suspended sediment after peak SSCs. Catchment size has an 
influence over the sediment arrival timings that are mobilized during the later part of the 
storm event. AMK, which is a smaller catchment, has SSCs arriving along the recession 
limb as compared to JW where SSCs arrived at the base of the recession limb. Normal 
months are found to have higher SSCs but investigations show that these high SSCs are 
small in percent numbers and it is likely due to sediment contributed from construction 
sites and not truly mobilized by rainfall and discharge as more construction activities 
occurred during normal months. Therefore, the hypothesis of wet months generating 
higher SSCs could still fit with study’s results. Larger storm events > 9 mm were found 
to generate pervious runoff (refer to Chapter 5) and these large storm events usually 
occurred in wet months (refer to Chapters 3 and 4). Therefore, it is likely that more 
sediment are being washed off from pervious cover during the wet period.  
 The analysis of multi-peak events has demonstrated that, in such events (in the 
order of small to large events), more suspended sediment are likely to be mobilized due 
to the detachment and transportation processes. On the other hand, a multi-storm event, 
which is in the order of a large to a small storm event, will likely see a faster depletion of 
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sediment supply in the first large storm event. Besides multi-storm characteristics, 
catchment characteristics such as the presence of bare soil surfaces and construction 
activities are seen as contributing to suspended sediment in the respective catchments.   
 Turbidity measurements have been assessed on their ability to be good surrogates 
for SSCs. Turbidity – SSC relationship rating curves for each catchment have been drawn 
and coefficients of determination have shown to be acceptable within the limits cited in 
past studies. A comparison between calculated SSCs from turbidity levels against actual 
SSCs shows turbidity measurements to be a good surrogate for SSCs. However, this does 
not happen in all the storm events in the two catchments. This is because of different 
particle sizes that are generated in tropical storm events, different types of pollutants are 
mobilized in the catchment, as well as different non-point sources present in the 
catchments.   
 In stormwater, the highly sensitive turbidity optical instruments would have 
problems in recording accurate readings. For example, it is found that the turbidity sensor 
is unable to measure accurate turbidity levels at high levels of SSCs. However, it is 
believed that the accuracy of turbidity readings can be improved if one is aware of the 
problems associated with turbidity measuring. Better but expensive turbidity sensors 
which are capable of measuring even higher levels of turbidity reaching 3000 NTU can 
be used but the purchase of such costly equipment will be a hurdle. The use of 
turbidimeters will still require researchers to make regular field site visits. In fact, in the 
urban environments where there are numerous non-point pollution sources, frequent 
visits are still needed to ensure that these turbidity meters are working efficiently to 
record accurate turbidity measurements. Otherwise, it would be ineffective to use them as 
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a surrogate for SSCs.  Afterall, the costs (manpower, time and money) taken to ensure the 
functionality of turbidimeters are still lower than that of a stormwater sampling program.  
 The results of this chapter have shown that a stormwater monitoring program is 
not really a tedious job to execute in order to ensure clean waterways. It has been shown 
that turbidimeters are reliable tools if they are regularly maintained to measure accurate 
readings in urban environments. Turbidimeters, like other equipments, can be connected 
to modems to send real-time measurements to a researcher or a watershed manager. If 
unusually high turbidity readings are detected, the personnel can be sent onsite to check 
on the equipment. Similarly, if the high readings are a result of poor water quality, due to 
sediment discharge from a nearby construction site, these offenders can be caught red-
handed for failing to control sediment discharge from their worksites.  
 Harbor (1999) has suggested ways to reduce suspended sediment from 
construction sites. Construction sites should adapt to the geomorphological characteristics 
of the surrounding environment. This would entail taking into consideration high erodible 
soils and slopes that would generate accelerated runoff in the planning of construction 
sites. Instead of completely clearing the site of vegetation, vegetation should be kept as 
much as possible in order to reduce soil erosion as vegetation roots will help stabilize the 
soil and keep it intact. This would also help to minimize the amount of bare soil surfaces. 
This minimization can be further reduced with the use of a protective artificial cover. A 
hydrological plan of construction sites should also be drawn up to divert accelerated 
runoffs from disturbed areas, especially during the wet months. 
Poor sediment regulations governing sediment discharge from construction sites 
were observed in this study.  The impact of sediment contribution from construction sites 
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is appalling. Even though JW’s mean SSCs were higher than AMK’s, the highest SSCs 
was still found in AMK. The government could clamp down on these irresponsible acts 
of sediment discharge. The poor regulation is largely due to the lack of legislation in 
making Environmental Impact Assessments (EIAs) compulsory for major development 
projects, as well as small scale construction activities. 
At the moment, there are only existing plans to ensure polluting industries are 
located away from residential and recreational facilities. But with regard to construction 
sites located within residential areas, nothing has been done to regulate these sites. This 
undermines the objectives set in Singapore’s environmental laws. In the Development 
Guide Plans (DGPs), among the basic environmental concerns listed, water-catchment 
areas should be protected from polluting industries. It is obvious that urban catchments 
are not included in the list of water-catchment areas since EIAs are not required of 
construction sites operations within urban catchments (Tan 1998). The EIAs should be 
improved and existing DGPs should be improved to include urban catchments as part of 
water-catchment areas so that EIAs can be enforced on construction operations. 
 The results have shown that higher SSCs are generated indirectly from high 
impervious cover. The impact of roads in sediment generation and pollution in urban 
environments has been shown by Viklander (1998), Marsalek et al. (1999) and Vaze and 
Chiew (2003). Suspended sediment from vehicular traffic, as explained in Chapter 5, 
relates to the density of roads in urban catchments. If roads are not overtly supplied in 




 Sediment from impervious surfaces is usually washed off during the first wave of 
runoff. During the remaining storm period, it is the urban pervious cover, especially bare 
soil surfaces which contribute to SSCs during storm events. Therefore, catchment 
management solutions should not only target the reduction of impervious cover but also 
pervious cover. One strategy is to improve the permeability of urban pervious cover to 
reduce runoff and SSCs in stormwater. This and other strategies have been mentioned in 
Chapter 4.  
 The diversion of accelerated runoff can also be adopted to reduce soil erosion 
from bare soil patches in urban environments. This method can also be used in 
conjunction to re-vegetate these bare soil surfaces during the dry months so that less 
harsh storm elements during the dry months would not disrupt re-vegetation efforts. Bare 
soil patches are a result of human trampling and the splash erosion of larger rainfall 
droplets from throughfall. More strategic planning of pavements and small shrubs 
planting should be undertaken to divert human traffic away from the pervious cover, 
especially in badly disturbed areas.  
 Lee (2000) in his study of interception rates of tropical trees in Singapore found 
that the efforts to create an abundance of greenery have led to soil erosion due to tree 
morphology. Trees with drip-tip leaves actually transform intercepted rain droplets into 
larger droplets, increasing the chances of soil erosion under their canopies through splash 
erosion (see Plates 6.1 and 6.2). These trees (e.g Tembusu and Angsana species) with 
drip-tip leaves are abundant in Singapore’s urban environments (Lee 2000). To reduce 
the degree of splash erosion from throughfall, a nature protective cover (e.g mulch) can 
be used. The materials used as mulch can be comprised of wood chips, compost, tree bark 
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or leaf mould. The benefits of using mulch include, maintaining high soil moisture, 
improvement in soil structure, reduction in soil compaction, increase in soil aeration, 
increase in soil nutrients and it is aesthetically pleasing too. Leaf litter under tree 
canopies should be left to be degenerated into organic matter that will not only help to 




Chapter 7 Hysteretic and flushing patterns of suspended 
sediment   
Abstract  
  
 The temporal loadings of suspended sediment are observed through suspended 
sediment hysteretic patterns and flushing magnitude in this chapter. The magnitude of the 
flushing effect is measured by incremental load divided by incremental discharge ratio 
over time, rather than solely through empirical evidence of the sudden increase in 
suspended sediment concentrations (SSCs) during storm events. The timing of the 
strongest flushing magnitude is demonstrated in both Jurong West (JW) and Ang Mo Kio 
(AMK) to be commonly experienced during the early period of storm events and 
occasionally flushing during the latter period of a storm event. Both catchments exhibit 
various flushing magnitudes ranging from weak, moderate-strong, strong and very strong. 
Often a ‘weak’ flushing pattern is commonly observed in both catchments. Overall, JW is 
a larger catchment with higher impervious cover and more sediment sources. Owing to 
these two factors, JW exhibits a stronger sediment flushing magnitude than AMK.  
Both catchments have also exhibited 5 types of hysteresis patterns- clockwise, 
eight-shaped, clockwise eight-shaped, random and anti-clockwise patterns. Clockwise 
hysteresis is most commonly experienced, indicating the presence of high SSCs before 
peak discharge. The emergence of many different types of hysteresis and the narrowness 
of hysteresis loops has furthered the understanding of suspended sediment mobilization. 
Suspended sediment delivery is transport-limited in JW, whereas suspended sediment is 
supply-limited in AMK. Both flushing magnitude and hysteresis patterns present a 
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temporal understanding of suspended sediment export with discharge levels over time. 
The behavioral discharge patterns of SSCs during storm events depend on more than just 
storm characteristics. This is because a multivariate analysis of antecedent dry days, 
storm intensities and storm magnitudes show a weak relationship with flushing 
magnitude in either catchment. This is evidenced as the catchment size, land cover and 
anthropogenic activities that have shown to exert a considerable influence on hysteresis 
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7.1 Introduction  
 
 Sediment sources in urban environments are largely non-point sources such as 
roads, construction sites, pervious cover and atmospheric deposition on impervious 
surfaces. The delivery of detached sediments is facilitated by imperviousness, as the 
finest silt and clay materials are transported as suspended sediments in runoffs. Due to 
their fine particle size, they are easily transported and their concentrations in suspension 
often relate closely to runoff discharge levels (Alexandrov et al. 2003). The short time lag 
in the urban hydrograph also means peak discharge is reached within a short time. At its 
maximum velocity, discharges are even capable of mobilizing even coarse materials like 
sand. Accelerated runoffs during storm events has enabled sediment delivery in urban 
catchments to be rapid (Wolman 1967; Walling 1974 and 1983). This mode of delivery 
can be described as the flushing effect.  
The flushing effect of sediment during storm events is commonly described as the 
first-flush effect (Whipple et al. 1974; Hunter et al. 1981; Jeje et al. 1991; Strunk 1992; 
Pekárova and Pekár 1996; Sansalone et al. 1997; Gupta et al. 1999 and Lee et al. 2002).   
These studies referred to the first-flush effect as a heightened increase in suspended 
sediment levels during the first wave of runoff. Solo-Gabriele and Perkins (1997) 
described this as a ‘burst’ of high suspended sediment concentrations (SSCs) that occurs 
primarily during the rising limb of the stream-flow hydrograph. It is normally associated 
with a quick storm flow. During this quick flow, highly mobile sediment from sewers, 
impervious surfaces and drainage channels are mobilized and transported. Materials that 
are accumulated on the surfaces of the urban environment during the dry weather period 
are washed off in the first wave of runoff and represent the sole peak concentration in 
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pollutants and sediment during storm events (Lee 2002). This is usually seen in high 
concentration peaks in SSCs before the peak discharge takes place.  
However, the first-flush effect can be “weak,” as described by Sansalone et al. 
(1997). This is because the first flush can be lower than the rise in SSCs in the later stage 
of the storm. Storm intensity does not remain uniform throughout a storm event; an 
increase in storm intensity will lead to more sediment removal out of the catchment, and 
a decrease in storm intensity means more deposition processes take place within the 
drainage channels (Helsel et al. 1979).  
When one discharge event follows another, there will be lead or lag effects of 
sediment concentration with respect to the discharge. This is similar to the flushing 
effects at the onset of storm runoff periods, and exhaustion effects. In another traditional 
definition by Colston (1974), the first-flush effect is an initial high pollutant 
concentration followed by decreases in concentrations as the storm proceeds. Such 
phenomenon has been observed by Sansalone et al. (1997) and Helsel et al. (1979). It is 
evident that when impervious surfaces increases, accelerated runoff will be generated. 
Consequently, this also leads to a first-flush effect in sediment delivery (Charbeneau and 
Barrett 1998).  
On the other hand, Deletic and Maksimovic (1998) do not assume all urban storm 
events produce the first-flush effect. Saget et al. (1995), having sampled 197 storm events 
from different catchments, cited pollutant type, sediment particle size, catchment area, 
contributing impervious area, and rainfall intensity as all influential in sediment 
mobilization patterns. For instance, if a large urban catchment has a higher amount of 
sediment sources of sand particle size than clay-silt, a first-flush effect would be unlikely, 
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given most of the first flush sediment loads are usually comprised of light sized clay or 
silt particles. Coarser particle size sediments are more likely to be mobilized when peak 
discharge has been reached or during larger magnitude storm events. 
Other factors also influence sediment delivery. They include antecedent dry 
period, the location of urban sediment sources and urban catchment design. The effect of 
an antecedent dry period leading to sediment build up has been widely discussed (Chui 
1997; Deletic and Maksimovic 1998; Lee 2002; Deletic and Orr 2005; Gnecco et al. 2005 
and Kim et al. 2006). According to Chui (1997), Deletic and Maksimovic (1998) and Lee 
et al. (2002), an antecedent dry weather period has no effect over the suspended sediment 
first-flush effect. This is because there is a lack of correlation between the suspended 
sediment load and the duration of the antecedent dry weather. Gnecco et al. (2005) 
thought likewise. Their study on a 2800 m2 residential area with a 75% impervious 
surface did not show any strong correlation between suspended sediment load 
accumulation and the dry antecedent period. However, rain intensity is a more influential 
factor. Chui’s (1997) study of two small watersheds in Singapore also showed storm 
intensity, rather than the antecedent dry period, as having a more positive influence on 
the flushing effect in the watersheds. Deletic and Orr (2005) and Kim et al. (2006) found 
that the antecedent dry period plays a weak role in sediment accumulation in urban road 
surfaces.  
However, there are studies which show that the length of an antecedent dry period 
produces an effect on the pollutant levels washed during storm events. Kayhanian et al. 
(2007) showed that the highest event mean concentration of total nitrate, total suspended 
solids and chemical oxygen demand occurred after the longest antecedent period.  
 188 
 
Similarly, Huang et al. (2007) have shown both the antecedent dry period and storm 
intensity were major influencing factors in pollutant levels in a small urban catchment in 
Macau. The importance of the antecedent dry period is still strongly demonstrated in 
modeling studies where the number of dry days is included as an input in the models to 
estimate stormwater pollutant load estimation (Robien et at. 1997, and Charbeneau and 
Barrett 1998). 
 As shown, the accumulation of suspended sediment throughout the duration of 
the antecedent dry period may not happen in all urban environments. Furthermore, the 
effect of the antecedent dry period on the accumulation of sediments has not been shown 
to be uniform and conclusive (Deletic and Maksimovic 1998).  This is because the 
antecedent dry period is not the sole explanatory factor for sediment accumulation. Other 
factors such as wind can affect the displacement and distribution of suspended sediments 
on impervious surfaces. Other anthropogenic activities like road side sweeping can also 
affect the displacement and replacement of sediments along curbsides. The road 
sweeping process could easily reduce or increase the availability of fine or coarse 
sediment particles. Furthermore, it should be understood that the amount of suspended 
sediment exported does not always equate to the amount available for wash off during 
storm events due to deposition within a catchment during storm events (Walling 1983). 
Considering this, it might be hard to account for the sediment accumulation process, for 
instance, whether it is due to atmospheric deposition and anthropogenic activities, or 
from the deposition of suspended sediment from pervious cover. 
The mobilization of urban sediments depend solely on runoffs from storm events. 
Urban environments which are covered mostly by impervious surfaces and connected 
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effectively with drainage facilities are characterized by a steep rising and falling limb in 
the hydrograph. Therefore, any change in storm intensity would trigger either a spike or 
dip in discharge levels (Chui 1997). Since SSC is flow dependent, depending on the 
strength of storm intensity and the availability of sediment supply within catchments, 
sediments may be mobilized or remobilized accordingly.   
Arguments from the literature have pointed to the common phenomenon of 
suspended sediment flushing in urban environments during the initial period of a storm 
event. Furthermore, this behaviour is strongly related to the amount of impervious 
surfaces in the urban catchment (Helsel et al. 1979). Chatterjea (1998) has demonstrated 
slower runoff velocity in experimental grass-covered slope surfaces as compared to bare 
surfaces under harsh tropical storm conditions. It has been shown that large storm 
intensities are able to transport more sediment. Such mobilization of sediments is not 
seen in a low intensity but large magnitude storm event. The importance of the 
‘impervious’ factor is also raised by Helsel et al. (1979) in forest hydrology studies that 
did not record any first-flush effect during storm events. However, this perspective still 
needs to be re-examined as storm events in the tropics are usually intense. Hortonian 
overland flow (HOF) could still occur through the litter in undisturbed forests, e.g. West 
Africa (Casenave et al. 1984 and Wierda et al. 1989 cited by Douglas 1993), but this 
quick flow is short-lived when compared to the urban first-flush effect. Nevertheless, it 
has been highlighted that the occurrence of HOF still depends on the hydraulic properties 
and intensity of storm events (Douglas 1993). 
Lee et al. (2002) monitored 13 urban watersheds and 38 storm events and found 
the magnitude of the first-flush effect is greater in smaller watersheds. This is because a 
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higher amount of suspended sediment load is more likely to be exported than deposited in 
smaller catchments. In addition, the presumption of the flushing effect in urban 
environments needs to be re-assessed. The delivery pattern of sediments is also very 
much dependent on spatial and temporal variability in rainfall. Coupled with catchment 
characteristics, such as size, drainage design and degree of pervious cover, the shape, 
timing and peak flow of stream flow hydrograph will change across different storms. For 
instance, a smaller storm event with variable storm intensity could have a higher peak 
discharge than a larger storm event with constant storm intensity (Singh 1997). This is 
because higher precipitation is received within a shorter period of time. However, during 
a storm event with constant intensity, suspended sediments may not experience a strong 
flushing effect, if at all.  
The understanding of suspended sediment delivery can be enhanced if SSCs are 
discussed in relation to discharge levels. Such patterns are shown as hysteresis in 
suspended sediment concentration and discharge relationships (SSC – Q relations) (Jeje 
et al. 1991; Rogers and Schumm 1991 and Walling et al. 2000). In the monitoring of SSC 
– Q relationships, many studies used different hysteresis patterns to explain sediment 
dynamics in the catchment (Loughran et al. 1981; Olive and Rieger 1985; Williams 1989 
and Jeje et al. 1991).  In natural environments, hysteresis patterns shed light on natural 
fluvial geomorphic processes as they are controlled by various factors such as river 
discharge, duration and frequency of the storm event and time of the year (Wood 1977), 
basin geology (Williams 1989) and antecedent dry period (Wood 1977; Sheeder et al. 
2002 and Seeger et al. 2004). They also reveal the landscape’s sensitivity to human 
inferences in changes of the SSC – Q relations (Hudson 2003).  
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As a method, a hysteresis loop is used to present data simply by showing the 
sequential relationship between discharge and sediment concentration through time 
(Williams 1989). Hysteresis loop patterns have been used in conjunction with supporting 
evidence to delineate source area contributions to stream flow in areas of geochemical 
processes and sediment patterns (Rose 2003). As every hysteresis pattern is a product of 
an interrelated mix of variables, each is unique. Hence, it is difficult to predict the 
outcome of hysteresis shape in the next storm event (Klein 1984). 
There are four general classes of hysteresis. They are clockwise, anti-clockwise, 
eight-shaped and random hystereses. Examples of these hystereses shapes are shown in 
Figure 7.1. The clockwise hysteresis is often reported in suspended SSC – Q relations in 
fluvial geomorphology literature (Alexandrov et al. 2003; Goodwin et al. 2003 and 
Hudson 2003). Hudson (2003) referred to it as a norm for most fluvial systems. It is 
indicative of peak SSCs occurring before the peak discharge (Olive and Rieger 1985 and 
Williams 1989) and is often related to the exhaustion of the sediment supply within the 
latter parts of large storm events (Jones 1997 and Asselman 1999). The exhaustion of the 
suspended sediment supply can be explained by the limited supply coming from the 
catchment. The initial flush of suspended sediments could come from mobilized 
sediments deposited near the catchment outlet from previous storm events (Walling 1974 
and Wood 1977). When the next storm event arrives, the deposited sediment will be 
remobilized. Together with newly detached sediment, this produces initial enhanced 
peaks in sediment concentrations that may lead to a decrease in sediment concentrations 
in the latter part of the rainfall. In addition, if the storm event persists, the exhaustion 




Figure 7.1: Examples of various shapes of hystereses patterns. (top left): Clockwise, (top 
right): Anti-clockwise, (bottom right): Random hysteresis and (bottom left): Eight-shaped 
hysteresis.  
 
The clockwise hysteresis is also representative of a small supply of sediments 
available for transportation. For example, the sediment supply in a logging area was 
exhausted in the Stingbark catchment, United Kingdom (UK) (Wood 1977), even though 
long duration storm events were experienced. This is because top layer soil became 
sealed and hard like a protective armor, preventing a further supply of sediment prior to 
peak discharge. A similar situation was faced at snow-covered mountainous streams in 
the Dolomites (Northeastern Italy); snow-armored hill slopes formed a protective layer 
against erosion on hill slopes. Therefore, most suspended sediments come from stream 
bank erosion (Lenzi and Marchi 2000). 
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The clockwise hysteresis is also believed to occur during short and intense 
rainfalls, especially during the earlier part of the storm event or stormy season, where the 
sediment supply is more available (Williams 1989). Clockwise hysteresis bears close 
resemblance to the “strong” first-flush effect (Sansalone et al. 1997) as it documents peak 
sediment concentration during the initial stage of the hydrograph before peak discharge. 
However, such an association is rather confusing. The flushing effect is seen as the rapid 
outflow of pollutants into drainage channels during storms; it can occur during any part 
of the hydrograph. Therefore, it will be more accurate if sediment load or pollutant load 
patterns are described in relation to discharge levels rather as the first-flush effect to 
avoid confusion.    
The anti-clockwise hysteresis has been documented in other studies involving 
mainly large catchments, but it is perceived as rare in urban environments (Geary 1981 in 
Olive and Reiger 1985; Loughran et al. 1981; Klein 1984; Sansalone et al. 1997; Lenzi 
and Marchi 2000 and Alexandrov et al. 2003). Sansalone et al. (1997) explained anti-
clockwise hysteresis as a “stronger” second flush effect comprised of higher 
concentrations of pollutants and sediment, as compared to the initial “weaker” first flush, 
at the onset of the first wave of discharge of a storm event. Anti-clockwise hysteresis is 
able to provide information on the relative travel times of the flood waves and sediment 
flux. This is because changes in water discharge is normally followed by wave velocity. 
This velocity is usually faster than the mean flow velocity. Since suspended sediments 
travel at a velocity closer to that of the mean flow velocity, the sediment flux tends to lag 
behind the flood wave or peak discharge. Hudson (2003) believed that the anti-clockwise 
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hysteresis is the norm for large basins since the sediment wave travels at a slower rate 
than the discharge wave.  
An anti-clockwise hysteresis also represents sediments supplied at the latter part 
of storm events, which is a strong indication of the inherent geomorphic thresholds 
between slope, soil and runoff being exceeded, which would then result in an additional 
flux of sediments (Olive and Rieger 1985, and Hudson 2003). For instance, a bank 
collapses at the later part of a storm (Jeje et al. 1991) in the humid tropical Oni Basin, 
Central Southwestern Nigeria will result in late transportation of high SSCs in the storm 
event . Bank caving events in Mississippi (Mossa 1988 and 1996) and Rhine (Asselman 
1999), or other forms of contribution from storage along channel by the collapse of log 
and debris jam under and continued streamflow will also result in a late flush of 
sediments. The anti-clockwise hysteresis can also be influenced by the location of the 
gauging station in relation to catchment’s sediment sources. For example, sediment 
delivery in a vineyard in Maluna Creek, Australia, arrived in the form of an anti-
clockwise hysteresis. This is a result of soil erosion occurring at a remote distance from 
the gauging station (Loughran et al. 1992). 
An anti-clockwise hysteresis can also take place during a long duration storm 
event that provides sufficient runoff volume for transportation (Williams 1989) and 
erosion (Lenzi and Marchi 2000). For instance, a longer duration flood in the Dolomites 
(Northeastern Italy) will provide sufficient erosive water power to act on hillslopes 
upstream from the measuring station (Lenzi and Marchi 2000). A longer period and 
sufficient runoff is required to mobilize and transport sediment from remote areas of the 
catchment or non-local sources (Klein 1984). This is what happens when flooding takes 
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place and catchment boundaries overlap (Lee 2001 and Goodwin et al. 2003). Moreover, 
an additional storm event after a major storm event will provide either additional silt/clay 
from runoff derived sources or a remobilized suspended sediment load deposited midway 
during the prior storm event (Williams 1989). Otherwise, a minor wave in discharge 
coming from a remote tributary loaded with substantial sediment supply will also suffice 
to raise SSCs (Lee 2001 and Alexandrov et al. 2003). Sheeder et al. (2002) and Seeger et 
al. (2004) demonstrate that antecedent soil moisture will have a definite influence on 
hysteresis patterns. For instance, sediment sources, such as old debris flow or 
unconsolidated deposition areas by old runoff events, were not well connected to the 
channel network until runoff was generated throughout the catchment. For this, near 
saturation soil and long duration storm conditions are required to generate saturation 
overland flow (SOF) or HOF, extending contributing areas to the entire catchment, and 
thereby mobilizing sediment in the latter part of the storm event. 
The eight-shaped hysteresis, comprised mostly of clockwise followed by anti-
clockwise hysteresis, is also observed in certain studies (Oliver and Reiger 1985 and 
Seeger et al. 2004). This hysteresis shape is explained by sources near the channel 
contributing before HOF connects the whole catchment. This will be followed by 
sediment contributions from remote parts of the catchment. The late rise in SSC can also 
be explained by a rise in rain intensity at the latter part of the event, thereby leading to 
more sediments being detached and transported. A rise in discharge levels also leads to a 
re-mobilization of coarse sediments deposited within drainage channels during the initial 
part of the event. 
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The random shaped hysteresis sediment pattern is a result of fluctuating and 
unpredictable suspended sediment variations in SSCs throughout the storm event and is 
hardly documented in the literature. The random hysteresis patterns are undefined and 
erratic, which are attributable to numerous sediment sources contributing within the 
catchment. In order to mobilize as much sediment as possible within the storm event, a 
large magnitude storm event would be required.  
In distinguishing various classes of SSC – Q relations, Williams (1989) suggested 
a simple, objective, yet reliable, mathematical criterion when two temporal graphs are 
available. This criterion is the ratio of SSC/Discharge (SSC/Q) at a few arbitrarily 
selected times during the temporal increase and decrease of SSC and discharge. The 
rising and falling limbs of the hydrograph would represent the two temporal phases. On 
similar discharge, the two SSC/Q ratios – one on the rising limb and the other falling 
limb of hydrograph –were compared qualitatively. Table 7.1 summarized the list of 
hysteresis classes and their SSC/Q ratios. The advantage of such classification, as argued 
by Williams (1989), lies in its precise explanation of sediment temporal loadings. For 
instance, clockwise hysteresis may not necessarily be an indication of peak sediment 
concentration before peak discharge. Clockwise hysteresis could still be formed when 
peak discharge coincides with peak sediment concentration. Therefore, the application of 
Williams’ (1989) concept of SSC/Q ratios, as listed in Table 7.1, will ensure that the 
temporal loadings of suspended sediment load are more accurately estimated and be 
understood in detailed. The same calculation can be applied to the anti-clockwise 
hysteresis. Similarly, when both the discharge and sediment concentration peak at the 
same time, an anti-clockwise hysteresis can still occur. 
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The narrowness of sediment hysteresis shape is also important in the analysis of 
sediment sources. An open loop in a clockwise pattern (see Figure 7.2) indicates an 
abrupt drop in concentrations, despite a continuing increase in discharge, signifying a 
singular sediment source within a catchment during that particular storm event. An 
example would be a sediment source of loose materials from eroded channel banks near a 
measuring station. On the other hand, a narrow loop hysteresis pattern (see Figure 7.3) 
would indicate not only a gradual decline in SSC, but also a reliable supply of sediments, 
for example, a rather regular washout of fine loose material from eroded channel banks 
(Lenzi and Marchi 2000). In Singapore’s urban environment, construction activities that 
are able to provide an ample supply of sediments would probably result in a narrower 
hysteresis shape. In such a case, the mobilization of sediments is possibly more transport-
limited than supply-limited (Lim 2000).  This is opposed to Ebyr South, Wales (Oxley 
1974), Humber and Tweed catchments in the UK (Walling et al. 2000), where the 
sediment supply was largely controlled by individual basin characteristics rather than 
water hydraulic factors.  
Table 7.1: SSC/Q ratios explaining various classes of hysteresis.  
Hysteresis pattern SSC / Q ratios 
Single-valued line SSC/Q ratio on the hydrograph’s rising limb equals the SSC/Q 
ratio on the falling limb, for the same value of Q 
Clockwise  SSC/Q ratio at any chosen time on the rising limb of the 
hydrograph is greater than that for the same discharge on the 
falling  limb 
Anti-clockwise SSC/Q ratio at any chosen time on the rising limb of the 
hydrograph is smaller than that for the same discharge on the 
falling  limb 
Eight-shaped figure SSC/Q ratios are larger for one range of Q on the rising limb of 
the hydrograph and smaller for another range of discharge on that 
limb, compared to the same values of discharge on the falling 
limb 






















             
 Figure 7.2: A clockwise hysteresis representing a wide open loop pattern. 
 




















Figure 7.3: A clockwise hysteresis representing a narrow loop pattern. 
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In the past literature, sediment studies in Singapore have commonly cited the 
first-flush effect while the use of hysteretic patterns to explain the sediment delivery 
processes in Singapore urban catchments is minimal. This first-flush effect was briefly 
explained by the short, intense and localized nature of convectional storms that produced 
flashy storm hydrographs in highly impervious urban environments (Chui 1997; Lim 
2000 and Lee 2001). Lim’s (2000) study was based on a mixed land use catchment (194 
ha), which comprised industrial areas, construction sites, high and low-density housing 
areas, and pockets of green spaces. During the storm events, peak SSCs generally 
occurred before or coincided with the peak discharge. Secondary peaks were also 
observed but were smaller in concentration than the first peak. In all, six storm events 
were sampled and clockwise hysteresis patterns reported.   
Lee (2001) conducted a study in Bedok, which comprises both private and public 
residential sub-catchments (710 ha). The same suspended sediment first-flush effect 
behaviour was observed in 3 storm events. However, the concentrations of delayed peaks 
were much higher than the initial peak in one of the storms. These were increases in 
discharge levels due to late contributions from sub-catchments. As these discharge levels 
increased, they were also accompanied by increases in suspended sediment 
concentrations as the storm event continued. Chui (1997) also revealed initial peak SSCs 
before peak discharge in his study of Stamford Canal watershed. Therefore, 
understanding of such descriptions, clockwise and eight-shaped hystereses are produced. 
In fact, results from Section 6.2.1 (see Figures 6.3 and 6.4) have also shown the 
predominance of higher SSCs in the first 5 sampling bottles (first 20 minutes of sampling 
sequence) of the automated sampler, as compared to the rest of the bottles (sampling 
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bottle 10 – 24) (see Figures 6.3 and 6.4) in both JW and AMK. This is an indication of a 
similar flushing effect which has taken place in Stamford Canal watershed. 
As much as these local studies (Chui 1997; Lim 2000 and Lee 2001) and findings 
in Section 6.2.1 concur on the flushing effect in Singapore urban catchments, more 
research can be developed beyond these studies. Figures 6.3 and 6.4 have also revealed a 
large inter-quartile spread in SSCs between bottle 1 and 9. This shows a large variability 
in high/ low SSCs. This large variability is even more distinct, which shows the 10th 
percentile and 90th percentile SSC values. This also implies that the flushing effect of 
suspended sediments may take place either during the first 40 minutes of the sampling 
sequence or when the recession limb nears baseflow levels. Chapter 3 also showed that 
storm intensity does not always follow the norm of highest intensity at the 5th minute, 
followed by decreasing intensity at the 10th and 30th minute. Characteristics of storm 
events have shown that tropical storm event intensity could vary. Thus, earlier findings 
from Chapter 3 and 6 would imply that the flushing effect of JW and AMK is not as 
simple as just a first-flush effect before peak discharge. There are possibilities of the late 
flushing of sediment or a secondary strong flushing as described by Sansalone et al. 
(1997).  
To further examine these sediment delivery aspects, this chapter will investigate 
the magnitude of the flushing effect and hysteretic patterns in 2 small urban catchments 
in Singapore. This study was conducted over a longer period of time in the confidence 
that the effect of suspended sediment flushing could be studied in further detail when 
compared to past studies that did not have a long sampling period. Furthermore, JW and 
AMK are smaller sub-urban catchments, compared to the Queenstown, Bedok and 
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Stamford Canal catchments, which have been studied by past local studies. Their small 
size was an advantage as they provided a strong perspective of suspended delivery in 
even smaller sub-catchments. From an international and local perspective, the 
investigation of sediment delivery in small sub-catchments is important in the 
management of catchment waterways. In this study, JW and AMK are both sub-
catchments comprised of high-density residential housing and are part of water 
catchments in Jurong and Kallang catchments respectively (see Figure 2.2). 
In Chapter 1, the benefits of this study towards the Active, Beautiful and Clean 
(ABC) Waters program in Singapore was introduced. If strategic plans are made on each 
individual sub-catchment, the preservation of cleaner waterways would be more likely to 
be succed. This is similar to the ABC Waters program, whereby the main island is broken 
down into three parts – Western, Central and Eastern – which are further broken down 
into 10 catchments (see Figure 2.2). Each catchment is managed by a water manager. 
Thus, if effective plans are put in place for every small catchment, no catchment will be 
neglected, eventually leading to better water quality.  Similarly, when it comes to 
sediment modeling work, small basin measurements are always the building blocks 
towards sediment budget calculations on a larger scale. To start these plans moving, more 
information pertaining to suspended sediment flushing is required.  
The working hypothesis formulated in this chapter predicts suspended sediment 
flushing in both small urban catchments. This is based on both Solo-Gabriele and 
Perkins’ (1997) and Charceneau and Barrett’s (1998) claims of quick flow off impervious 
surfaces, suggesting the first-flush effect will take place on the rising limb of the 
hydrograph. In addition, results in Chapter 6 have also suggest during storm events, the 
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first-flush effect was often observed. Accordance to literature, this is closely linked to the 
degree of catchment’s impervious cover. Thus, it is plausible that JW, which has a 84% 
impervious surfaces as compared to AMK’s 60%, will deliver stronger sediment flushing 
(Charceneau and Barrett 1998). From another perspective, AMK’s 35 ha catchment, due 
to its smaller size, could have a stronger magnitude of sediment flushing compared to 
JW, which is 65 ha in size (Lee et al. 2002).  Deletic and Maksimovic (1998) and Saget 
et al. (1995) have claimed a host of different characteristics relating to land cover, storm 
events, antecedent dry period and pollutant type that will influence the magnitude of the 
first-flush effect, or even the absence of it. Therefore, a research is necessary to 
investigate the effects of catchment characteristics and storm events in sediment flushing 
in the urban environment.  
The identification of suspended sediment hysteretic patterns is as complex as 
investigating the flushing magnitude. First, a detailed study of hysteretic patterns is 
unseen in the tropics apart from Lim (2000). Walling (1974) has highlighted the 
importance of various hydrological variables, including precipitation character, runoff 
magnitude and surface condition in controlling sediment production. This varies spatially 
across climatic regions, climatic conditions and also different catchments. Applying 
knowledge from non-tropical regions to predict temporal delivery of sediments in the 
tropics will be inaccurate as it will be marred by a host of climatic and catchment factors. 
Thus, the application of results from temperate studies can only serve as a guide and 
cannot be applied to the context of Singapore’s tropical climate. This study will also 
contribute to the understanding of sediment dynamics in urban environments lined open 
U-channels that has becoming more prominent in world cities such as Hanoi, Kuala 
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Lumpur and Bangkok. Much of the present literature is studied in natural streams which 
are the main sources of sediment contribution. This study will eliminate the possibility of 
erosion from concrete-lined channels. Therefore, any changes in SSCs would imply 
either a direct contribution or sediment exhaustion from the catchments.  
The width of hysteresis loops will also be analyzed to determine whether 
sediment supply is quickly exhausted during storm events. This method of analysis has 
not been discussed in detail in all prevailing local studies. With limited 
hydrogeomorphology and tropical sediment studies available, expected results suggest 
clockwise hysteresis patterns will be dominant in both catchments as both possess a 
highly efficient drainage network and are small in size. Exhaustion of the sediment 
supply will be dependent on the availability of transient activities (e.g. construction sites) 
during the sampling period. The absence of these activities, and their possible emergence 
during the sampling period would help to further understand other hysteresis patterns 
(eight-shaped, random or anti-clockwise hysteresis). In addition, the emergence of other 
hysteresis patterns is also highly likely. This is seen in the variations in SSCs during 
storm event sampling (see Figures 6.3 – 6.5). Furthermore, it has been mentioned that 
pervious cover in both catchments are sediment contributing sources. This is particularly 
applicable in JW where there are numerous bare soil surfaces present.  
Following these arguments and academic gaps, the paucity of detailed sediment 
delivery studies in urban tropics, at least in the context of Singapore, an investigation in 
sediment delivery is worthwhile. In all, this chapter’s goals are as follows: 




2. to examine the effect of the antecedent dry period, storm intensity, storm 
magnitude, land cover and catchment size on the magnitude of suspended 
sediment flushing during storm events, 
3. to explore a host of sediment hysteresis patterns and loops variations occurring in 
both catchments, and 
4. to examine various factors that explain various types of hysteresis and temporal 
loadings of SSCs during storm events. 
7.2 Suspended sediment flushing magnitude 
 
Helsel et al. (1979) cited the problem of defining the first-flush effect in terms of 
concentration, as sediment concentration is flow-dependent. For example, one may have 
the highest concentration during the first 10% of the storm. However, there may be less 
pollutant load delivered during this time period than at any other 10% fraction of the 
storm. Thus, a quantitative measure is used to determine the first-flush effect. Sediment 
flushing occurs when the incremental load exceeds the incremental flow or when the 
incremental load/ incremental flow ratio exceeds 1.0 as storm event continues (Helsel et 
al. 1979). The cumulative amount of the total storm load and flow are plotted against the 
elapsed time. The difference between cumulative load or flow at two different times is 
the increase in suspended sediment load or flow. 
This means that if the increase in suspended sediment load exceeds the increase in 
flow, there is an effect of suspended sediment flushing. When this flushing pattern 
happens, the ratio will exceed 1.0. However, the ratio is also a quantitative measure of the 
magnitude of sediment flushing (Helsel et al. 1979). This is because if there is a larger 
increment in suspended sediment as compared to increment in flow, the ratio will be even 
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higher. This means there is more suspended sediment being exported at that point of time. 
Conversely, if incremental load/ incremental flow is lower than 1.0, there is no flushing 
effect at all. This would mean that even if there is a peak increase in SSCs during the 
initial storm event, under condition of a large increment in discharge, it is still not 
considered a flushing effect. Using this quantitative approach, this study will identify the 
magnitude of the flushing effect in both study catchments, or  its absence. 
In assessing the strength of the flushing effect, the percentage deviation of the 
curve from the diagonal was used as a measure for the strength of a first flush (Gupta and 
Saul 1996). In this study, a classification has been designed for assessing the magnitude 
of the flushing effect. The magnitude of the flushing effect will be classified as weak, 
moderately strong, strong and very strong. Ratios which lie within the range of 1 – 1.99 is 
considered ‘weak flushing’; 2 – 2.99 is considered ‘moderately strong’; 3 – 4.99 is 
considered ‘strong’, and values equal to or exceeding 5 is classified as ‘very strong 
flushing’. The highest ratio of each storm event sampled was chosen. The justification of 
these indexes is based on the graphical representation of the flushing effect shown in 
Figures 7.4 – 7.7. Figure 7.4 shows the weakest flushing among all. This is because of the 
deviation between increment load and increment discharge. As the index becomes bigger, 
the deviation becomes larger, which signifies a stronger flushing effect. This is seen in 
Figure 7.7, which indicates the strongest flushing effect as it has the largest deviation 
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Figure 7.4: Weak flushing magnitude showing index range 1 – 
1.99. 
Figure 7.5: Moderately strong flushing magnitude showing 
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Figure 7.6: Strong flushing magnitude showing index range 3 – 
4.99. 





The magnitude of flushing in these events is shown graphically in Appendices 7A 
and 7B for JW and AMK respectively. In each flushing event, the magnitude of the 
flushing effect is represented by the greatest value of the incremental load/ incremental 
flow ratio. Generally, the majority of storm events exhibited sediment flushing, given that 
incremental load/ incremental flow ratio exceeded 1.0. The presence of sediment flushing 
is shown to be greater in JW than AMK. This is shown by the distinctive increase in 
sediment load discharged over time with comparison to incremental discharge. Often, the 
incremental pattern of sediment load bears strong resemblance to the incremental 
discharge pattern.  
5 storm events in JW and 3 storm events in AMK recorded the incremental in 
sediment load and incremental discharge as almost the same (refer to Appendix 7A – 
31/12/05; 4/1/06; 6/1/06; 29/3/06; 17/6/06, Appendix 7B – 1/4/06; 10/2/06; 15/8/06). 
There were also 10 storm events in JW and 2 storm events in AMK that showed strong 
flushing effects. This is reflected by a sudden climb in incremental sediment load as 
compared to increments seen in the discharge (refer to Appendix 7A – 2/3/05; 6/3/05; 
3/5/05; 8/9/05; 15/9/05; 22/9/05; 30/9/05; 25/10/05; 18/11/05; 13/12/05, Appendix 7B – 
10/2/06; 30/8/06). No sediment flushing effect was observed in 2 storm events (refer to 
Appendix 7A – 3/9/06, Appendix 7B – 23/2/06). The sediment load flushing was also 
found to arrive during the latter period of some storm events (refer to Appendix 7A – 
3/5/05; 4/1/06; 6/1/06; 10/2/06; 16/2/06, Appendix 7B – 4/5/05; 26/4/06).  
Table 7.2 shows a summary of these findings. Most of the storms in both 
catchments displayed ‘weak flushing,’ while a ‘very strong flushing’ effect during the 
storm events was seldom. However, in JW, following ‘weak flushing’, a ‘strong flushing’ 
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effect was the second most frequent occurrence. On the other hand, AMK displays a 
‘moderate strong flushing’ effect as the second highest occurrence. 
 Table 7.2: Assessment of flushing effect magnitude in the Jurong West and Ang Mo Kio 
catchments. 










Strong (%) Very 
Strong (%) 
Jurong West 46 2 46 15 26 11 
Ang Mo Kio 27 4 56 19 15 7 
P.S: Incremental load/ incremental flow ratio classification 
(i) 1 – 1.99 (Weak) 
(ii) 2 – 2.99 (Moderate) 
(iii) 3 – 4.99 (Strong) 
(iv) 5 and above (Very strong)  
Overall, the highest flushing ratio was often found in the earlier part of the storm 
event, indicating that the flushing effect occurs mostly at the start of the storm event. This 
finding is consistent with the results in Chapter 6, which show higher SSCs values are 
found mostly in the earlier period of the sampling sequence (refer to Appendices 7A and 
7B). This is also indicative of the efficient drainage installed in the respective sites. This 
is seen in the high DCIA fraction (JW = 0.6426 and AMK = 0.6087) in individual 
catchments which were calculated in Chapter 5 (refer to Table 5.1). Despite being a 
smaller size catchment, the flushing magnitude of AMK is lower than that of JW. This is 
likely to be attributed to its high impervious cover and greater sediment sources. A higher 
impervious cover which led to higher runoff ratios (see Chapter 4) would lead to stronger 
sediment delivery during storm events. JW is seen to have a greater sediment supply in 
terms of ongoing construction activities that took place during 18 months out of 20 
months sampling period. In addition, the presence of damaged pervious cover (bare soil 




It was found that 2% and 4% of JW and AMK storms respectively did not exhibit 
any flushing effect (refer to Appendix 7A, JW: 3/9/05 – 1.6 mm and 23/2/06 – 5.8 mm). 
In JW, it is likely that the storm’s small magnitude, coupled with low intensity resulted in 
the absence of any flushing effect. In the case of AMK, a comparison against other storm 
events which are of a smaller or lower intensity, flushing effects were observed in other 
storm events. An observation of the temporal pattern of suspended sediment 
concentrations (SSCs) and discharge, the rise of SSCs coincided with peak discharge. 
Therefore, a dilution effect may occur which would result in no flushing effects in the 
case of 23/02/06 storm event in AMK (see Figure 7.8). 









































Figure 7.8: Temporal changes in suspended sediment concentrations with discharge 
during 5.8 mm storm event on 23/02/06 in Ang Mo Kio. No flushing effect is observed 
during the storm event due to the dilution effect of the discharge.  
 
Late flushing patterns were also observed as shown in Appendices 7A and 7B. 
Storm events in Appendix 7A – 3/5/05; 4/1/06; 6/1/06; 10/2/06 and 16/02/06, Appendix 
7B – 9/2/06; 26/4/06 and 4/5/06 show such characteristics. Since the transportation of 
sediments is runoff dependent, late flushing of sediment can be caused by an increase in 
storm intensity. This is seen in storm events shown in Appendix 7A – 4/1/06 and 6/1/06, 
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and Appendix 7B – 9/2/06. Further examination of storm characteristics revealed that late 
flushing during other storm events was due to the late arrival of suspended sediments 
from non-point sources (construction sites) of the catchment. This is because the storm 
intensity for Appendix 7A – 3/5/05 and 10/2/06, and Appendix 7B – 26/4/06 remained 
unchanged or dropped towards the end of the storm period. Storm events in Appendix 7A 
– 16/2/06 and Appendix 7B – 4/5/06 also showed similar late flushing patterns. Both are 
small magnitude and short duration storm events. The late arrival of sediments to the 
basin outlet is likely due to slow sediment transportation, owing to low velocity discharge 
as a result of small magnitude and short duration storm events.  
 Box plots of JW and AMK flushing ratios were plotted against antecedent dry 
days (Api) (see Figures 7.9 and 7.10). JW did not show any trend of increased flushing 
magnitude with higher antecedent dry days. Even though the highest flushing ratios were 
experienced at Ap1 and Ap6, given the large difference between the 75th and 100th 
percentile values in Ap1 and Ap6, it would be more reasonable to attribute the highest 
flushing ratio seen in Ap4, which has a larger box plot and higher minimum flushing ratio 
than other antecedent dry days. AMK despite showing high flushing ratios at Ap3 and 















1 2 3 4 5 6 7 8 9 10 11 12 13








Figure 7.9: Quantile values of flushing magnitude with relation to antecedent dry days in 
Jurong West. The trend does not show a strong relation between antecedent dry period 
and flushing magnitude. The strongest flushing magnitude is seen at Ap4. The lack of 
box plots at antecedent dry days (7 - 13) indicates unusually long dry period.  
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Figure 7.10: Quantile values of flushing magnitude with relation to antecedent dry days 
in Ang Mo Kio. Similarly, the trend does not show a strong relation between antecedent 
dry period and flushing magnitude. The strongest flushing magnitude is also seen at Ap4. 




Both JW and AMK reflected antecedent dry period’s effect on SSC as there was 
an increase in Api which led to an increase in the flushing ratio of SSC over discharge 
but this was observed in higher flushing ratios in Ap4 compared to Ap1 – 3.  While some 
studies showed antecedent dry periods playing a role in sediment accumulation (Robien 
1997, and Charbeneau and Barrett 1998; Huang et al. 2007 and Kayhanian et al. 2007). 
The pattern of flushing ratios in both JW and AMK did not present a steady increase in 
flushing ratio as Api increased. There are insufficient storm events with Api longer than 6 
dry days to support the argument of antecedent dry period’s effects on suspended 
sediment accumulation in this study. This is because the occurrence of Api lasting more 
than 6 days is rare in Singapore. The lack of distinct increase in flushing ratio when Ap1 
increased to Ap4 also suggest that the role of storm intensity, rather than an antecedent 
dry period, has more influence over flushing magnitude (Chui 1997).  
Box plots of JW and AMK flushing ratios are plotted against storm magnitude in 
Figures 7.11 and 7.12. There is no trend showing that an increase in storm magnitude 
would increase flushing ratio of suspended sediment. It has been mentioned in Chapter 3 
that storm events are normally small in magnitude (51% – 57% storm events recorded 
less or equal to 9 mm); therefore not many storm events exceeding 20 mm was available 
to further validate the impact of storm magnitude on flushing ratio in both catchments. 
Higher flushing ratios were seen within the storm magnitude of 5 – 15 mm. In 
these short duration small to moderate storm events, the higher storm intensity generated 
possibly led to higher flushing ratios. In addition, dilution from large storm events was 
likely to be unseen in smaller storms with smaller discharge amounts. During storm 
events, the first-flush effect comprised of sediments washed off from urban impervious 
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surfaces. Thus, encounters with smaller storms can be rewarded with a higher flushing 
ratio as dilution effect will be minimal. Chapter 5 has reported that all directly connected 
impervious areas (DCIA) are generating runoff in both catchments in storm events from 9 
mm onwards, This would explain the maximum possible amount of sediment to be 
washed from DCIA, thereby resulting in high flushing ratios in storm events 5 – 15 mm. 
The relatively high flushing ratio in JW and AMK in the 0 < SM ≤ 5 mm category, 
especially in AMK, would imply relatively similar or higher SSCs as compared to the 
other large storms. However due to lower discharge amounts and similarly high SSCs, 
these smaller storm events will record higher flushing ratio than large storms events.  
Storm events sampled in this study (refer to Chapters 3 and 4) revealed that 30 – 
40% of all storm events lay within the magnitude of 5 – 15 mm. The same numbers were 
seen in storm magnitudes exceeding 15 mm. This suggests that tropical storms which are 
often small or moderate in magnitude have the capacity to produce strong sediment 
flushing. It could also be seen as the optimal storm magnitude range in generating highest 
sediment flushing ratio as it does not experienced the effects of dilution from high 
discharge like larger magnitude storm. This presumption can be seen applicable in JW 
and AMK whereby its impervious surface exceeds 50% and where both are endowed 
with an efficient drainage network. The same scenario could be assumed in other urban 
catchments in Singapore it is a pre-requisite from them to be highly impervious and well-




Figure 7.11: Quantile values of flushing magnitude with relation to storm magnitude in 
Jurong West. The trend shows that higher flushing ratio is observed in storms recording 5 
– 15 mm. 
 
 
Figure 7.12: Quantile values of flushing magnitude with relation to storm magnitude in 
Ang Mo Kio. Similar to Figure 7.10, the higher flushing ratio is also seen with 5 – 15 mm 
storm events.  
 
 The scatter plot between flushing ratio and storm magnitude, and storm duration 
are shown in Figures 7.13 – 7.16. Within the scatter plots, there was a weak relationship 
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found between flushing ratio and the respective storm magnitude and storm duration. A 
multivariate linear regression is therefore run to assess three variables (storm magnitude, 
storm duration and antecedent dry days) for their effects on flushing ratio. The 
multivariate equation to represent such a relationship in respective catchment is as 
follows: 
FR = a (APi) + b (SM) + c (SD) + d -----------------------------------------------(Equation 7.1) 
FR = Flushing Ratio (Cumulative change in sediment load/ cumulative change in 
discharge amount) 
 
SM = Storm Magnitude (mm) 
SD = Storm Duration (mins) 
APi = Antecedent Dry Period (Days) 
Results of multivariate equations for JW and AMK respectively are as follows: 
JW: FR = 0.021 (SM) – 0.049 (APi) + 0.193 (SD) + 2.479 ------------------- (Equation 7.2) 
AMK: FR = 0.162 (SM) +0.144 (APi) - 0.25 (SD) + 2.098 ------------------- (Equation 7.3) 
Both multivariate equations (see Equations 7.2 and 7.3) are insignificant at the 
10% level of significance (refer to Appendix 7C). The observed significance level for 
Equations 7.2 and 7.3 are 0.572 and 0.643 respectively. An examination of the coefficient 
of individual independent variables in both equations showed a positive relationship 
between storm magnitude and flushing ratio. However, while Equation 7.2 gives a 
negative relationship between antecedent dry period with flushing ratio in JW, a positive 
relationship is evident in AMK in Equation 7.3. Hence, the coefficient for storm duration 
affects flushing ratio in JW positively but negatively in AMK. 
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Scatter plot showing relations between flushing ratio 


















               
Scatter plot showing relations between flushing ratio 




















Figure 7.13: Scatter plot of flushing ratio against storm magnitude 
in Jurong West. 
Figure 7.14: Scatter plot of flushing ratio against storm duration 
in Jurong West. 
Scatter plot showing relations between flushing ratio 


















               
Scatter plot showing relations between flushing ratio 




















Figure 7.15: Scatter plot of flushing ratio against storm magnitude 
in Ang Mo Kio. 
Figure 7.16: Scatter plot of flushing ratio against storm duration 
in Ang Mo Kio. 
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However, from the p – value for the F statistic in both regressions, it can be 
inferred that multivariate linear regression has failed to establish any significant 
relationship between the three independent variables with the dependent variable; this 
may be due to two reasons: (i) a non-linear relationship may exist and (ii) multi-
collinearity problems might exist due to a linear relationship between any pair of 
independent variables. In checking for a non-linear regression relationship, the flushing 
ratio is plotted against each independent variable, resulting in scatter plots not showing 
any significant non-linear pattern for flushing ratio against any independent variable. To 
check for a linear relationship between any pair of independent variables, the correlation 
coefficient for all pairs was calculated. The results of correlation coefficient tests (refer to 
Appendix 7D) are summarized in Table 7.3.  
Table 7.3: Pearson correlation between each independent variable (Antecedent dry days, 
storm magnitude and duration) in Jurong West and Ang Mo Kio. 
Catchment Independent variables N R 







Storm duration 46 0.489 
Storm duration Antecedent dry 
days 
46 0.482 







Storm duration 27 0.614 




From the table, there is evidence at 10% significant level to suggest that storm 
magnitude and storm duration are linearly related. However, no significant linear 
relationship exists between other independent variables. For storm magnitude and 
antecedent dry days or storm duration with antecedent dry days, the correlation is 
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insignificant at 90% confidence level. Using these rules of thumb, multi-collinearity in 
both regression models might be suspected. One way to resolve this is to omit storm 
duration from the multivariate analysis equations (refer to Equations 7.2 and 7.3). This is 
because storm duration has shown inconsistencies in its influence upon flushing ratio in 
having both positive and negative coefficients in JW and AMK. Therefore, an alternative 
multivariate regression equation would be:  
JW: FR = 0.116 (SM) – 0.074 (APi)  + 2.717 ----------------------------------- (Equation 7.4) 
AMK: FR = 0.009 (SM) + 0.174 (APi) + 1.954  -------------------------------- (Equation 7.5) 
 
Despite the omission of storm duration variables, multivariate Equations 7.4 and 
7.5 are still insignificant at 10% significance level. The observed significance level for 
Equations 7.2 and 7.3 were 0.674 and 0.685 respectively (refer to Appendix 7D). Overall, 
storm magnitude has a positive relationship with suspended sediment flushing magnitude 
in both catchments. This result may prove to be compatible with Legg et al. (1996), who 
found storm magnitude instead of storm intensity as having a more significant effect on 
runoff volume. Since suspended sediment is heavily dependent on runoff energy 
mobilization during storm events, storm magnitude that affects runoff volume will also 
indirectly influence the amount of suspended sediment being washed out during storm 
events. However, as the F value is insignificant at the 90% confidence level, it can be 
concluded that a poor relationship exists between storm magnitude and antecedent dry 
days with flushing ratio. 
Further verification on the insignificant relationship between storm magnitude, 
storm duration and antecedent dry days with flushing ratio is to use a stepwise regression 
technique.  Stepwise regression is a more general way of handling suspected multi-
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collinearity while performing a multivariate linear regression. The results of the 
application of stepwise regression on both multivariate models ‘FR = a (APi) + b (SM) + 
c (SD) + d’ and ‘FR = a (APi) + b (SM) + c’ are presented in Appendix 7F. The observed 
significance associated with both models is > 0.05 and deemed insignificant at 95% 
confidence level. This verifies a weak relationship between the variables with flushing 
ratio.  
As the variables (storm magnitude, storm duration and antecedent dry days) are 
tested to be insignificant in the relationship with flushing ratio, perhaps storm intensity 
would have a significant relationship with flushing ratio. The effect of storm intensity on 
flushing ratio of suspended sediments is examined at the 5th, 10th and 30th minute storm 
intensity. As storm intensity is calculated from both storm magnitude and duration, it 
would be inappropriate to place intensity with storm magnitude in the multivariate 
analysis with flushing ratio as it increases the risk of running into multi-collinearity 
problems.  Furthermore, tropical storms intensities have been shown to vary, thus, a 
linear regression is run individually at intensities at the 5th, 10th and 30th minute with the 
flushing ratio. The results are present in Table 7.4. Hypothetically, a high intensity storm 
would ensure quicker generation of runoff which would produce a higher delivery rate of 
suspended sediment out of catchment. However, linear regression in Table 7.4 has shown 
that there is no strong association of storm intensity with flushing ratio as low R values 
are seen in both catchments. Negative R values in AMK have also indicated little 
relationship between storm intensity and flushing ratio. Furthermore, results show the 




Table 7.4: Pearson correlation between storm intensities and flushing ratio.  
Catchment Storm intensity( Time) N R Significance 
Jurong West 5th 46 0.206 0.170 
Ang Mo Kio 5th 27 -0.102 0.613 
Jurong West 10th 41 0.132 0.411 
Ang Mo Kio 10th 24 -0.068 0.752 
Jurong West 30th 31 -0.006 0.974 
Ang Mo Kio 30th 17 -0.025 0.923 
All results are insignificant at 90% confidence level. 
 
Non-linear and multi collinearity tests have provided poor statistical results to 
further validate the poor statistical relationship between each individual independent 
variable to the flushing ratio. This statistical investigation might imply that the flushing 
ratio in JW and AMK are duly more, if not equally influenced, by external factors that 
have been excluded from the regression model. These external factors would have 
exerted a degree of control over the flushing magnitude. These external factors might be 
point sources (construction activities and poor pervious cover) or non-point sediment 
sources (vehicular traffic) in both catchments. Another possibility includes the deposition 
and re-suspension of suspended sediment after and during storm events. These external 
factors would have a degree of influence over sediment availability. Different rates of 
sediment accumulation and removal through natural agents (wind and water) and 
anthropogenic activities (road sweeping frequency) also cannot be quantified and 
monitored easily (Deletic and Maksimovic 1998).  
Thus, situations were encountered whereby the amount of sediment available for 
washout was not reliant on the degree of storm intensity to transport sediments off 
impervious surfaces. A further explanation for the poor relationship between time 
indexed storm intensity and flushing ratio is the following. Even though higher intensity 
may be related to sediment discharge, the highest flushing magnitude may have occurred 
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at any point during the storm event. For instance, Chapter 6 has shown the highest SSC to 
be most commonly observed within 5 – 20 minutes from the rise in discharge from 
baseflow levels. Storm intensities at the 5th, 10th or 30th minute may not be truly 
representative as storm intensities in such tropical storm events are ever-changing. Third, 
the influence of external sediment sources like construction sites and bare soil surfaces 
not only interfere with the association between intensity and flushing ratio but also affect 
other variables (storm magnitude and antecedent dry period). The introduction of 
sediment from construction activities, would especially occur when siltation tanks or 
ponds have exceeded their carrying capacity or indiscriminate discharge by construction 
workers. This delivery of sediments would not have any relationship between storm 
magnitude, antecedent dry period or storm intensity. 
7.3 Suspended sediment hysteresis patterns 
 
SSC-Q relations are plotted to obtain sediment hysteresis patterns. Using 
Williams (1989) SSC/ Q ratios (refer to Table 7.1), the hysteresis patterns  observed were 
classified into various shapes, namely, clockwise, eight-shaped and anti-clockwise (see 
Figures 7.17 – 7.19). SSCs which show fluctuating patterns were also observed and 
described as random hysteresis (see Figure 7.20). A hybrid was also found between 
clockwise and eight-shaped hysteresis. This hybrid hysteresis pattern will be called a 
clockwise eight-shaped hysteresis. The hysteresis displayed a clockwise hysteresis loop 
with SSC levels rising as discharge increased. When SSCs began to fall after attaining 
peak concentration, it rose and dropped immediately to form a small loop which reshaped 
the hysteresis into a figure of eight (see Figure 7.21). This type of hysteresis can easily be 
passed off as an eight-shaped hysteresis. However, there is a need to differentiate it from 
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the eight-shaped hysteresis because this clockwise eight-shaped hysteresis only shows a 
momentarily rise in SSCs, unlike a normal eight-shaped hysteresis which SSCs shows a 
gradual rise in SSCs before dropping. Also, it is different from a clockwise hysteresis as 
the latter represents an exhaustion of sediment supply within the catchment; in contrast, 
this hysteresis does not reflect any characteristic of sediment exhaustion at all.   
There were 46 and 27 storm events sampled for SSCs levels in JW and AMK 
respectively. Discharge measurements and SSCs were measured at similar timings during 
these storm events. From Table 7.5, the clockwise hysteresis is the most commonly 
observed hysteresis pattern in both catchments. This is followed by clockwise eight-
shaped, random and eight-shaped hysteresis. Both catchments recorded only one anti-
clockwise hysteresis throughout the sampling period.  
Table 7.5: Number of storm events depicting different types of hysteresis patterns in 
Jurong West and Ang Mo Kio catchments. 
Hysteresis Type Jurong West (JW) Ang Mo Kio (AMK) 
No. events Percentage (%) No. events Percentage (%) 
Clockwise 29 64 11 42 
Clockwise Eight-
shaped 
8 19 6 21 
Random 5 9 5 19 
Eight-Shaped 3 6 4 15 
Anti-clockwise 1 2 1 3 
Total sampled 
storm events 
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Figure 7.17: Clockwise hysteresis in Ang Mo Kio in a storm event on 10/11/05. 
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Figure 7.19: Anti- clockwise hysteresis in Jurong West in a storm event on 29/03/06.  
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Figure 7.21: Clockwise eight shaped hysteresis in Ang Mo Kio in a storm event on 
24/07/06. 
  
The clockwise hysteresis patterns recorded in JW (64%) and AMK (42%) are 
consistent with the flushing magnitude that occurs mostly during the early part of storm 
events. This has been shown in SSC patterns during the stormwater sampling sequence, 
as discussed in Chapter 6 (see Figures 6.3 and 6.4). The clockwise hysteresis is a strong 
indication of peak SSC prior to peak discharge.  
Temporal patterns of suspended sediment delivery can also be understood through 
the width of hysteresis loops. In both catchments, the eight-shaped (see Figures 7.22 and 
7.23), random (see Figures 7.24 and 7.25), and anti-clockwise (see Figures 7.26 and 7.27) 
hysteresis patterns in both catchments exhibited similarities in their narrowed hysteresis 
loops. In these 3 hysteresis patterns, loops were narrower, showing small variations in 
SSCs from the start of the rising limb hydrograph until the baseflow level was reached 
again. This is different from the clockwise hysteresis between both catchments. In JW, 
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the clockwise hysteresis showed a mix of narrowed (see Figure 7.28) and opened 
hysteresis loops, while AMK’s clockwise hysteresis loops were generally opened (see 
Figure 7.29), even though two events produced a much narrower loop. However, for the 
clockwise eight-shaped hysteresis in both catchments, hysteresis loops comprised of both 
wide and narrowed shapes. 
Eight-Shaped Hysteresis (JW 30th Mar 
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Random Hysteresis (JW 4th Jan 2006: 

















   
Figure 7.24: Narrowed random hysteresis in Jurong West in a storm event on 04/01/06.                                 
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 Random Hysteresis (AMK 4th May 





















Figure 7.25: Narrowed random hysteresis in Ang Mo Kio in a storm event on 04/05/05. 
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Figure 7.27: Narrowed anti-clockwise hysteresis in Ang Mo Kio in a storm event on 
09/02/06. 
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7.4 Factors influencing sediment hysteresis patterns and shape 
7.4.1 Storm characteristics 
 
An anti-clockwise hysteresis resulting from relatively large storm events was 
recorded in both catchments. In AMK, this pattern undoubtedly appeared during the 
construction period. The hysteresis represents rises in SSC after peak discharge, as well 
as the fact that threshold levels of sediment sources may have been exceeded after peak 
discharge, thereby triggering a late mobilization of sediments. In JW, more sediments 
could be contributed by eroded bare soil patches located near drainage entry points, or 
construction sites located in the farthest part of the JW catchment (see Figure 2.3). 
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However, the presence of a singular anti-clockwise hysteresis in both catchments is 
considered as insignificant in this study. 
 It has been shown in Chapter 4 that storm events in the 2 catchments do not 
exhibit just single-peak but also multi-peak hydrograph events. This is because in the 
tropics, a storm event can have variable changing intensity in the event. These different 
types of hydrological storm events would affect the type of hysteresis patterns as 
demonstrated in Figures 7.30 – 7.39. 
Single-peak events tend to produce clockwise hysteresis (see Figures 7.30 and 
7.34). Multi-peak events with variable storm intensities generated clockwise eight-
shaped, random and eight-shaped hysteresis (see Figures 7.31 and 7.32, 7.35 and 7.36 
and 7.38). A multi-peak event (see Figure 7.37) and a single-peak large magnitude event 
(see Figure 7.33) were observed to be responsible for the sole anti-clockwise hysteresis in 
each catchment. A single peak storm event in Figure 7.39 was shown to exhibit eight-
shaped hysteresis in AMK. The huge rise in SSCs when the recession limb reached 
baseflow might indicate that non-storm events were the cause of the rise in SSCs.  
Sediment detachment and transportation process can be influenced by changes in 
storm intensities in multi-peak storm events. These sediment delivery processes could be 
weak or strong because storm intensity did not show a very positive relation with flushing 
magnitude in the two catchments (refer to Section 7.4). The availability of sediment 
source in the catchment also holds the key to hysteresis patterns. Smaller or large 
magnitude storm events with a rise in storm intensity during the latter period of event 
may lead to a clockwise eight-shaped hysteresis. With limited sediment available, a large 
storm event will create a clockwise hysteresis pattern and a small rise in intensity during 
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latter period of the storm event will lead to a short temporal rise in SSCs. On the other 
hand, if there is an ample supply of sediment sources during a small storm event of 
variable intensity, a clockwise eight-shaped hysteresis pattern will still be formed.  
However, with greater availability of sediments during large storm events with variable 
intensities, sediment delivery is likely to be represented by eight-shaped or random 
hysteresis patterns. 
Hysteresis evidence has also showed sediment mobilization in JW to be more 
transport-limited than supply-limited due to a heavier dependence on larger storm events 
to transport suspended sediment out of the catchment. This finding is validated by data 
which showed most random hysteresis taking place during storm magnitudes of 15 mm 
and above. This suggests that large storm events are needed to significantly erode and 
transport sediment from pervious bare patches in JW. Furthermore, different hysteresis 
patterns in JW did not seem to be controlled by the presence of construction activities. 
This further shows that sediment delivery in JW is transport-limited.  On the other hand, 
sediment mobilization in AMK is seen to be more supply-limited. This is seen in the 
dominance of clockwise hysteresis before the start of construction activities, and the 






















                          
















































Figure 7.30: Clockwise hysteresis in a single-peak event on 
13/12/05 in Jurong West.                             
Figure 7.31: Clockwise eight-shaped hysteresis in multi -peak 
event on 06/05/05 in Jurong West. 
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Figure 7.32: Random hysteresis in a multi-peak event on 04/01/06 
in Jurong West.                                        
Figure 7.33: Anti-clockwise hysteresis in a large single-peak 
event on 29/03/06 in Jurong West. 
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Figure 7.34: Clockwise hysteresis in a single-peak event on 
01/12/05 in Ang Mo Kio. 
Figure 7.35: Clockwise hysteresis eight-shaped hysteresis in a 
multi-peak event on 23/02/06 in Ang Mo Kio. 
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Figure 7.36: Random hysteresis in a multi-peak event on  
28/07/06 in Ang Mo Kio. 
Figure 7.37: Anti-clockwise hysteresis in a multi-peak event on 
09/02/06 in Ang Mo Kio. 
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Figure 7.38: Eight-shaped hysteresis in a multi-peak event on 
30/03/06 in Jurong West.                        
Figure 7.39: Eight-shaped hysteresis in a single-peak event on 
02/04/06 in Ang Mo Kio. 
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Storm magnitude also influence the width of the hysteresis loop. A larger storm 
event is likely to lead to greater exhaustion in sediment supply, which produces a wider 
loop hysteresis pattern (see Figures 7.40 and 7.41). Figure 7.40 shows a wide looped 
clockwise eight-shaped hysteresis occurring at a storm magnitude of 9.8 mm with 2 days 
of an antecedent dry period. On the other hand, a 3.2 mm storm event in Figure 7.41 
shows a narrower clockwise eight-shaped hysteresis with 1 day antecedent dry period. 
The wider the loop, the more rapidly sediment exhaustion took place as seen in a larger 
magnitude storm event in Figure 7.40.  
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Figure 7.40: A wider loop clockwise eight-shaped hysteresis by a 9.8 mm storm event on 
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Figure 7.41: A narrower clockwise eight-shaped hysteresis by a 3.2 mm storm event in 
Ang Mo Kio on 01/04/06. It shows a slower depletion of sediment supply than the Figure 
7.35 event. 
 
7.4.2 Catchment characteristics 
 
 Accelerated runoff from highly impervious surfaces in JW would lead to sediment 
delivery in a clockwise hysteresis pattern. A higher percentage of impervious surfaces 
would mean greater ease in removing and transporting suspended sediments from paved 
surfaces into the catchment’s effectively installed drainage network. The proximity of 
sediment sources to the outlet in both catchments also promotes clockwise hysteresis. 
Carpark and housing upgrading work near sampling stations provided more readily 
available sediments for a first-flush effect before peak discharge. Also, the first wave of 
runoff would pick up the sediments deposited by previous storms found near the drainage 
entry points (see Plate 6.4). This also helps in increasing initial peak SSCs, therefore 
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creating a clockwise hysteresis. In such situations, this is less likely to be applicable to 
AMK as more sediment would be exported from rather than deposited in smaller 
watersheds (Walling 1983 and Lee et al. 2002).  
Catchment size also influences the narrowness of hysteresis loops. Lee et al. 
(2002) have claimed the flushing effect and sediment exhaustion to be more pronounced 
in smaller watersheds because a greater sediment load is more likely to be exported than 
deposited. Walling (1983) has also highlighted the fact that a higher efficiency in 
transporting suspended sediment is attained in smaller catchments due to the shorter 
distance traveled from the source to the catchment outlet. As a smaller catchment, AMK 
exhibited these sediment delivery characteristics. Hysteresis loops in the catchment are 
more open because transported sediment is unlikely to be sediments deposited from 
previous storm events. Therefore, sediment supply will be depleted during the initial 
stages of the storm event (see Figure 7.42).  
On the other hand, JW as a larger catchment compared to AMK, sediment sources 
at the farthest end of the JW catchment (see Figure 2.3 construction site marked i) would 
be required to transverse longer distances from the source to the catchment outlet, and 
chances of sediment deposition during storm events are higher than in smaller 
catchments. Therefore, detached sediment may be deposited within drainage channels 
during the receding limb of events’ hydrographs, and will only be re-mobilized in the 
next storm event (see Plates 6.3 and 6.4). In this way, the exhaustion of sediments would 
be more gradual, as reflected by a narrower hysteresis loop (see Figure 7.43).  
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Figure 7.42: Wide clockwise hysteresis loop in Ang Mo Kio, indicating sediment 
exhaustion during initial part of storm event, occurring on 10/11/05. 
 
 



















Figure 7.43: A narrower clockwise hysteresis loop in Jurong West showing a more 
gradual exhaustion of sediments during a storm event on 17/01/06. 
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7.4.3 Construction activities and bare soil surfaces 
 
The presence of eight-shaped and random hysteresis shows there is further 
contribution of suspended sediment during the latter part or throughout the storm event. 
This also suggests a continuous supply of suspended sediment within catchments. In JW, 
sources of suspended sediment include ongoing construction works throughout the 
sampling period and the predominance of bare soil surfaces within pervious cover. The 
contribution of suspended sediment by bare soil patches in vegetation cover has been 
highlighted by Harbor (1999) and Bartley et al. (2006) (see Plates 6.1 – 6.5). Douglas 
(1993) has also brought attention to the limitation of urban pervious cover design to 
enable high levels of sediment delivery. Bare soil surfaces are caused by daily human 
trampling and rain splash erosion from canopy throughfall (see Plates 6.1 – 6.4; Figure 
6.11). Soil erosion from rain splash by throughfall or direct precipitation falling on the 
bare surfaces will happen easily under intense tropical storm conditions. Sediments when 
detached from these bare soil surfaces will be transported easily into the drainage 
network. This is because these disturbed pervious covers (found in JW) are found along 
roadside curbs and are connected directly to the drainage runoff routes (see Figure 6.11).  
 Construction activities (see Plate 7.1) have influenced strongly the patterns of 
sediment hysteresis in JW and AMK. In JW, their long periods have contributed towards 
the eight-shaped and random hysteresis being seen throughout the sampling period. In 
AMK, the influence of construction activities is even more distinctive. For example, new 
construction activities from January to July 2006 has resulted from the commonly – 
observed wide looped clockwise hysteresis to a narrower clockwise (see Figure 7.44), 
eight-shaped and random hysteresis (see Figures 7.45 and 7.46). In fact, results began to 
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show a dominance of eight-shaped and random hysteresis when construction activities 
started in AMK. 
The absence of bare soil patches in AMK is also a reason why eight-shaped and 
random hysteresis are hardly recorded in AMK before construction activities began. In 
AMK, the presence of construction sites provides the only possible explanation of late 
sediment mobilization. Evidence of this is seen in coarse sand deposition accumulated 
behind the YSI logger (see Plate 7.2); the presence of coarser sediment materials 
collected by the automated sampler also indicates these coarser materials were mobilized 
at the latter part of the storm, or at least 45 minutes after its commencement. This was 
observed during the collection of stormwater samples; the collection showed coarser 
materials are present from the 9th bottle onwards. The presence of construction sites were 
also found responsible for the dumping of silt during dry weather flows (see Plate 7.3). 
Given all this evidence, construction activities in AMK definitely made a significant 




     
 
  
Plate 7.2: Accumulated coarse sand material dug 
out from culvert channel in Ang Mo Kio. It is 
believed these sand materials come from 
construction sites. 
 
Plate 7.3: Silt-laden discharge at sampling site in Ang 
Mo Kio. This picture is taken during dry weather 
flow. Water sample is collected and found to have 
suspended sediment concentrations reaching 8500 
mg/L. 
Plate 7.1: Carpark upgrading 
activities in Jurong West. A 
longer period in carpark and 
housing upgrading in Jurong 
West than Ang Mo Kio has led 
to more hysteresis displaying 





















Figure 7.44: A narrower clockwise hysteresis loop in Ang Mo Kio in storm event on 18/01/06 is 
observed upon commencement of construction activities. This indicates a slower depletion of 
sediment during storm events as compared to Figure 6.40. 
 
Hysteresis (AMK 23rd Feb 2006: 
















           
Figure 7.45: The emergence of narrow eight-shaped hysteresis during the construction 
period in Ang Mo Kio. This hysteresis occurring in a storm event on 23/02/06 is absent 
during non-construction period.   
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Figure 7.46: A narrow random hysteresis in Ang Mo Kio during the construction period. 
Similar to Figure 7.40, this hysteresis occurred during a storm event on 10/02/06 and is 
absent during the non-construction period.   
 
7.5 Conclusion and management implications 
 
This chapter sought to examine the magnitude of suspended sediment flushing 
and various sediment hysteresis patterns and loops in two residential catchments. The 
influence of an antecedent dry period, storm intensity, storm magnitude, catchment size, 
construction activities and bare soil surfaces on sediment flushing magnitude and 
hysteresis patterns were examined. It was difficult in the beginning of the chapter to 
decide on the working hypothesis on whether JW or AMK will have a stronger flushing 
magnitude. This problem arose because of JW and AMK have a higher impervious land 
cover and a smaller catchment size respectively. The highly efficient drainage network, 
which has been shown in Chapter 5, also indicates clockwise hysteresis would be 
commonly experienced in this study. However, it is also important to highlight the 
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presence of construction activities, as mentioned in Chapter 2, and the presence of other 
sediment sources (e.g. bare soil surfaces) as factors leading to other hysteresis patterns 
(e.g. eight-shaped, random or anti-clockwise hysteresis). 
The use of the incremental load/ incremental discharge ratio provided an objective 
assessment of the magnitude of the flushing effect in both small catchments. It was 
shown that storm events often exhibit an early flushing effect, with some at the later part 
of the storm events. Judging from flushing magnitude, weak flushing is seen in most 
storm events in JW and AMK. But a comparison between both catchments showed JW to 
have a stronger flushing magnitude than AMK. This is attributed to its highly impervious 
surfaces of 84%. This further affirms the factor of land cover overriding catchment size 
in terms of flushing magnitude.  
Through multivariate linear regression and stepwise regression tests, storm 
magnitude has shown to be the variable, among other factors such as antecedent dry 
period and storm intensity, to have the strongest influence on flushing magnitude. 
However, together with other variables, the multivariate relationship has an insignificant 
relationship with flushing magnitude, implying that the presence of anthropogenic 
activities and non-point sources (e.g. construction, road sweeping, traffic volume and 
bare soil patches) equally influence sediment flushing magnitude in JW and AMK. Each 
5th, 10th or 30th minute storm intensity was also insignificantly correlated to the flushing 
magnitude. This indicates that during storm events, the highest flushing ratio could take 
place at anytime even though results have shown that the majority of high SSCs took 




Temporal loadings of sediment export in relation to discharge levels are shown in 
hysteresis patterns of which 5 different types were recorded. JW and AMK only showed 
a single event depicting an anti-clockwise hysteresis. According to the working 
hypothesis, clockwise hysteresis is most commonly observed. The reasons are, namely, 
(i) proximity of sediment sources (e.g. carpark and housing upgrading works); (ii) 
Smaller catchment size (e.g. AMK) and (iii) The high degree of impervious cover in both 
catchment (JW = 84% and AMK = 60%). The amount of DCIA fraction (JW = 0.6426 
and AMK = 0.6087) of total impervious area has also inherently led to a more efficient 
delivery of suspended sediment out of the catchments, therefore leading to a quicker 
exhaustion in sediment levels. 
The next most common hysteresis shape is the hybrid hysteresis (clockwise eight-
shaped), which resembles the shape of a clockwise hysteresis and an eight-shaped. It is 
seen as a representation of weak flushing behaviour in JW and AMK, whereby only a 
momentary increase in SSC was seen after the first peak SSC. There are a few hysteresis 
shapes that take the form of eight-shaped, random and anti-clockwise hysteresis. These 
hysteresis patterns reflect the temporal exhaustion and re-mobilization of sediment in 
catchments. Hysteresis patterns of JW and AMK also showed that sediment mobilization 
of suspended sediment is transport-limited given the wide variety of hystereses and 
availability of sediment sources (traffic and bare soil surfaces) in the catchment. On the 
other hand, sediment mobilization in AMK is supply-limited. This is because before 
construction activities took place, clockwise hysteresis was the main hysteresis pattern, 
leading to other hysteresis shapes. The anti-clockwise hysteresis is recorded only once in 
each catchment and is seen as an insignificant finding in this study. 
 249 
 
The analysis of the narrow width of hysteresis shapes indicates a slow depletion 
rate of sediment from JW compared to AMK. This is because hysteresis loops in JW are 
often narrower than AMK. This could be explained through the larger catchment size of 
JW, which leads to a bigger pool of sediment sources. The presence of construction sites 
scattered within catchments and bare soil surfaces also contributed to narrower hysteresis 
patterns in JW. Construction activities played an important role in shaping hysteresis 
patterns in AMK. Once these construction activities commenced, hysteresis patterns were 
more dominated by narrower eight-shaped and random hysteresis patterns.   
The results of this chapter further highlights the ability of anthropogenic activities 
(e.g. vehicular traffic and construction activities) and bare soil surfaces to contribute and 
influence temporal export of suspended sediment during storm events. These remediation 
measures against these sources have already been discussed in Section 6.4. Similarly, the 
effect of storm magnitude on runoff volumes, which indirectly influence flushing 
magnitude of suspended sediment, has once again indicated the impact of highly 
impervious surfaces and bare soil surfaces on sediment generation. The ability to improve 
the permeability of urban catchments is a great challenge in Singapore in the future when 
more high density housing areas will be needed to meet the needs of the growing 
population. However, there are ways to reduce imperviousness in the urban areas as 
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Multivariate linear regression between (storm magnitude, storm duration and antecedent 
dry days) with flushing ratio in Jurong West. 




Coefficients t Sig. 
B Std. Error Beta B Std. Error 
1 (Constant) 2.479 .478   5.188 .000 
Storm magnitude .002 .020 .021 .119 .906 
Antecedent dry days -.032 .100 -.049 -.320 .750 
Storm duration .006 .005 .193 1.107 .275 
a  Dependent Variable: Flushing ratio 
 
F test for multivariate linear regression in Jurong West 
Model   
Sum of 
Squares df Mean Square F Sig. 
1 Regression 5.990 3 1.997 .675 .572(a) 
Residual 124.202 42 2.957     
Total 130.192 45       
a  Predictors: (Constant), Storm_duration, Antecedent_dry_days, Storm_magnitude 
b  Dependent Variable: Flushing_ratio 
 
Multivariate linear regression between (storm magnitude, storm duration and antecedent 
dry days) with flushing ratio in Ang Mo Kio. 




Coefficients t Sig. 
B Std. Error Beta B Std. Error 
1 (Constant) 2.098 .572   3.670 .001 
Storm magnitude .017 .027 .162 .633 .533 
Antecedent dry days .062 .087 .144 .706 .487 
Storm duration -.004 .004 -.250 -.970 .342 
a  Dependent Variable: Flushing ratio 
 
 
F test for multivariate linear regression in  Ang Mo Kio 
Model   
Sum of 
Squares df Mean Square F Sig. 
1 Regression 4.428 3 1.476 .567 .643(a) 
Residual 59.929 23 2.606     
Total 64.357 26       
a  Predictors: (Constant), Storm_duration, Antecedent_dry_days, Storm_magnitude 









Jurong West – Correlation analysis between storm magnitude and antecedent dry days. 
    Storm magnitude Antecedent dry days 
Storm magnitude Pearson Correlation 1 .047 
  Sig. (2-tailed)   .757 
  N 46 46 
Antecedent dry days Pearson Correlation .047 1 
  Sig. (2-tailed) .757   
  N 46 46 
 
Jurong West – Correlation analysis between storm magnitude and storm duration. 
    Storm magnitude Storm duration 
Storm magnitude Pearson Correlation 1 .489(**) 
  Sig. (2-tailed)   .001 
  N 46 46 
Storm duration Pearson Correlation .489(**) 1 
  Sig. (2-tailed) .001   
  N 46 46 
**  Correlation is significant at the 0.01 level (2-tailed). 
 
Jurong West – Correlation analysis between storm duration and antecedent dry days. 
    Storm duration Antecedent dry days 
Storm duration Pearson Correlation 1 -.106 
  Sig. (2-tailed)   .482 
  N 46 46 
Antecedent dry days Pearson Correlation -.106 1 
  Sig. (2-tailed) .482   
  N 46 46 
 
Ang Mo Kio – Correlation analysis between storm magnitude and antecedent dry days. 
    Storm magnitude Antecedent dry days 
Storm magnitude Pearson Correlation 1 -.011 
  Sig. (2-tailed)   .956 
  N 27 27 
Antecedent dry days Pearson Correlation -.011 1 
  Sig. (2-tailed) .956   
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Ang Mo Kio – Correlation analysis between storm magnitude and storm duration. 
    Storm magnitude Storm duration 
Storm magnitude Pearson Correlation 1 .614(**) 
  Sig. (2-tailed)   .001 
  N 27 27 
Storm duration Pearson Correlation .614(**) 1 
  Sig. (2-tailed) .001   
  N 27 27 
**  Correlation is significant at the 0.01 level (2-tailed). 
 
Ang Mo Kio – Correlation analysis between storm duration and antecedent dry days. 
    Storm duration Antecedent dry days 
Storm duration Pearson Correlation 1 -.128 
  Sig. (2-tailed)   .526 
  N 27 27 
Antecedent dry days Pearson Correlation -.128 1 
  Sig. (2-tailed) .526   





























Multivariate analysis between (storm magnitude and antecedent dry days) with flushing 
ratio in Jurong West. 




Coefficients t Sig. 
B Std. Error Beta B Std. Error 
1 (Constant) 2.717 .428   6.352 .000 
Storm magnitude .014 .018 .116 .769 .446 
Antecedent dry days -.049 .100 -.074 -.488 .628 
a  Dependent Variable: Flushing ratio 
 
F test for multivariate linear regression for (storm magnitude and antecedent dry days) 
with flushing ratio in Jurong West 
Model   
Sum of 
Squares df Mean Square F Sig. 
1 Regression 2.367 2 1.184 .398 .674(a) 
Residual 127.825 43 2.973     
Total 130.192 45       
a  Predictors: (Constant), Antecedent_dry_days, Storm_magnitude 
b  Dependent Variable: Flushing_ratio 
 
 
Multivariate analysis between (storm magnitude and antecedent dry days) with flushing 
ratio in Ang Mo Kio. 




Coefficients t Sig. 
B Std. Error Beta B Std. Error 
1 (Constant) 1.954 .551   3.544 .002 
Storm magnitude .001 .021 .009 .043 .966 
Antecedent dry days .075 .086 .174 .866 .395 
a  Dependent Variable: Flushing ratio 
 
F test for multivariate linear regression for (Storm magnitude and antecedent dry days) 
with flushing ratio in Ang Mo Kio. 
Model   
Sum of 
Squares df Mean Square F Sig. 
1 Regression 1.998 2 .999 .385 .685(a) 
Residual 62.359 24 2.598     
Total 64.357 26       
a  Predictors: (Constant), Antecedent_dry_days, Storm_magnitude 










Stepwise regression between (storm magnitude, storm duration and antecedent dry days) with flushing ratio in Jurong West. 





Pearson Correlation Flushing_ratio 1.000 .113 -.068 .209 
Storm_magnitude .113 1.000 .047 .489 
Antecedent_dry_days -.068 .047 1.000 -.106 
Storm_duration .209 .489 -.106 1.000 
Sig. (1-tailed) Flushing_ratio . .228 .326 .082 
Storm_magnitude .228 . .379 .000 
Antecedent_dry_days .326 .379 . .241 
Storm_duration .082 .000 .241 . 
N Flushing_ratio 46 46 46 46 
Storm_magnitude 46 46 46 46 
Antecedent_dry_days 46 46 46 46 
Storm_duration 46 46 46 46 

















Stepwise regression between (storm magnitude, storm duration and antecedent dry days) with flushing ratio in Ang Mo Kio. 





Pearson Correlation Flushing_ratio 1.000 .009 .176 -.168 
Storm_magnitude .009 1.000 -.011 .614 
Antecedent_dry_days .176 -.011 1.000 -.128 
Storm_duration -.168 .614 -.128 1.000 
Sig. (1-tailed) Flushing_ratio . .483 .190 .202 
Storm_magnitude .483 . .478 .000 
Antecedent_dry_days .190 .478 . .263 
Storm_duration .202 .000 .263 . 
N Flushing_ratio 27 27 27 27 
Storm_magnitude 27 27 27 27 
Antecedent_dry_days 27 27 27 27 













Continued from Appendix 7F 
 
Stepwise regression between (storm magnitude and antecedent dry days) with flushing ratio in Jurong West. 





Pearson Correlation Flushing_ratio 1.000 .113 -.068 
Storm_magnitude .113 1.000 .047 
Antecedent_dry_days -.068 .047 1.000 
Sig. (1-tailed) Flushing_ratio . .228 .326 
Storm_magnitude .228 . .379 
Antecedent_dry_days .326 .379 . 
N Flushing_ratio 46 46 46 
Storm_magnitude 46 46 46 
Antecedent_dry_days 46 46 46 
 
 
Stepwise regression between (storm magnitude and antecedent dry days) with flushing ratio in Ang Mo Kio. 





Pearson Correlation Flushing_ratio 1.000 .009 .176 
Storm_magnitude .009 1.000 -.011 
Antecedent_dry_days .176 -.011 1.000 
Sig. (1-tailed) Flushing_ratio . .483 .190 
Storm_magnitude .483 . .478 
Antecedent_dry_days .190 .478 . 
N Flushing_ratio 27 27 27 
Storm_magnitude 27 27 27 









Correlation between 5th minute storm intensity and flushing ratio in Jurong West 
    Intensity_5_JW Flushing_5_JW 
Intensity_5_JW Pearson Correlation 1 .206 
  Sig. (2-tailed)   .170 
  N 46 46 
Flushing_5_JW Pearson Correlation .206 1 
  Sig. (2-tailed) .170   
  N 46 46 
 
Correlation between 10th minute storm intensity and flushing ratio in Jurong West 
    Flushing_10_JW Intensity_10_JW 
Flushing_10_JW Pearson Correlation 1 .132 
  Sig. (2-tailed)   .411 
  N 41 41 
Intensity_10_JW Pearson Correlation .132 1 
  Sig. (2-tailed) .411   
  N 41 41 
 
Correlation between 30th minute storm intensity and flushing ratio in Jurong West 
    Intensity_30_JW Flushing_30_JW 
Intensity_30_JW Pearson Correlation 1 -.006 
  Sig. (2-tailed)   .974 
  N 31 31 
Flushing_30_JW Pearson Correlation -.006 1 
  Sig. (2-tailed) .974   
  N 31 31 
 
Correlation between 5th minute storm intensity and flushing ratio in Ang Mo Kio 
    Intensity_5_AMK Flushing_5_AMK 
Intensity_5_AMK Pearson Correlation 1 -.102 
  Sig. (2-tailed)   .613 
  N 27 27 
Flushing_5_AMK Pearson Correlation -.102 1 
  Sig. (2-tailed) .613   









Continued from Appendix 7G 
  
Correlation between 10th minute storm intensity and flushing ratio in Ang Mo Kio 
    Intensity_10_AMK Flushing_10_AMK 
Intensity_10_AMK Pearson Correlation 1 -.068 
  Sig. (2-tailed)   .752 
  N 24 24 
Flushing_10_AMK Pearson Correlation -.068 1 
  Sig. (2-tailed) .752   
  N 24 24 
 
Correlation between 30th minute storm intensity and flushing ratio in Ang Mo Kio 
    Intensity_30_AMK Flushing_30_AMK 
Intensity_30_AMK Pearson Correlation 1 -.025 
  Sig. (2-tailed)   .923 
  N 17 17 
Flushing_30_AMK Pearson Correlation -.025 1 
  Sig. (2-tailed) .923   










 Hydrologists employ the technique of a suspended sediment rating curve to 
estimate (predict) suspended sediment concentration (SSC) when no direct measurements 
are available. Such a technique involves errors in the values of loads produced but can be 
overcome if appropriate correction methods are applied. Among all correction methods, 
subdivision of data is popularly adopted. Using 2 experimental small urban residential 
catchments (Jurong West (JW) and Ang Mo Kio (AMK) ), the sample-based sediment 
rating curve data underwent double correction based on construction and non-
construction activities, wet and dry months, rising and falling stages. In the first 
subdivision, JW and AMK sediment load prediction was underestimated by errors 
ranging from 24% to 57% and 22% to 70% respectively.  When this first division data 
was further differentiated, sediment load prediction errors ranged from +34% to -53% 
and +4% to -59% but is nonetheless an improvement of the first stage correction method. 
Different degrees of error in sediment load prediction between the 2 catchments have also 
indicated land cover and catchment size as influencing factors in sediment delivery. 
Event-based sediment rating curve was employed to calculate the annual sediment yield. 
Improvements in sediment load prediction and the coefficient of determination were 
observed after double correction using construction and non-construction activities, and 
wet and dry months. The annual sediment load and yield in JW is 199 tonnes and 289 
tonnes/ km2/ yr. AMK recorded a lower sediment load and yield of 118 tonnes and 338 
tonnes/ km2/ yr. Comparison against local and international studies affirmed that high 
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density residential areas generate high sediment yields among all other urban land uses. 
Translating the total annual sediment yield from the entire catchments into specific 
impervious and pervious cover, JW had 1174 and 296 tonnes/ km2/ yr contributed from 
pervious and impervious cover respectively. AMK had annual sediment yield of 224 and 
197 tonnes/ km2/ yr contributed from pervious and impervious cover respectively. These 
findings have shown the amount of high sediment contributed from pervious cover, 
especially bare soil surfaces in JW. It was recommended that the bare soil surfaces should 
be re-vegetated. Together with well-grassed areas, urban pervious cover permeability 













Key words: Sample-based suspended sediment rating curve, Event-based suspended 
sediment rating curve, Double correction, Sediment yield, Pervious and impervious cover 





There has been a strong interest in understanding suspended sediment delivery 
processes in catchments. This is because by estimating suspended sediment fluvial 
transport, one will be able to ascertain further information on (i) contaminant transport, 
(ii) water-quality trends, (iii) reservoir sedimentation, (iv) channel and harbour silting and 
soil erosion (Walling 1977a; Wanielista et al. 1977; Ferguson 1986; Characklis et al. 
1997 and Horowitz 2003). In order to assess the degree of environmental pollution 
inflicted by these pollutants, a water sampling program was carried out. Pollutants cannot 
be transported across places on their own. They use sediment as a form of substrate 
medium to be transported. Since pollutants use sediments as a substrate means of 
transport, water samples have to be collected and be analyzed for their SSCs and attached 
pollutants. A record of streamflow discharge is also necessary to compute concentration 
levels, and in the most ideal case, the sediment sampling program should be organized to 
allow direct interpolation of a continuous trace of SSCs (Porterfield 1972). In large 
rivers, sampling is made easy as flood events last several days and SSCs change 
relatively slowly. However in smaller catchments, especially urban environments, flood 
events are short-lived and SSCs during the storm period fluctuate very rapidly. Thus, 
time is an important factor so that sampling can be correctly timed to be representative of 
the storm event (Walling 1977a). Hence a strong emphasis is placed on continuous 
sampling at shorter time intervals in terms of minutes, rather than hours and days.  
The calculation of fluxes and loads requires both discharge and SSC data, which 
in turn requires a large amount of time and manpower to obtain (Phillips et al. 1999 and 
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Horowitz 2003). The acquisition of equipment is also costly. Discharge data can be 
calculated using in-situ stage recorders. Stage is then converted to discharge based on a 
site-specific stage-discharge relationship. However, cumbersome SSCs would require 
either manual grab sampling or automated stormwater sampling by storm-triggered 
automated water samplers at the site. This is followed by a time-consuming process of 
laboratory filtration. Besides stormwater sampling, turbidity measurements have also 
been used as a surrogate to represent SSCs (Jannsson 1992; Riley 1998 and Smith et al. 
2003). However, as mentioned in Section 6.3.3, the problems of using turbidity 
measurements include inaccurate readings pertaining to particle size, particle composition 
(including colour and shape) and water colour (Gippel 1995; Foster et al. 1992; Clifford 
et al. 1995a and b and Lewis, 1996). In urban environments where varied sources are 
available, pollutants with different particle sizes and composition will be flushed into 
drainages during storm events. This would affect the accuracy of turbidity measurements 
and its potential as a surrogate for SSCs. 
Instead of trying to obtain timely sampling of storm events in a catchment, many 
have utilized the rating curve technique to estimate suspended sediment loads. A rating 
curve consists of a graph or equation, relating sediment discharge or concentration to 
discharge, which can be used to estimate sediment loads from the stream flow records 
(Walling 1977a). According to Walling (1977a), the earliest study was probably 
conducted by Campbell and Bauder (1940), who developed the silt rating curve by 
plotting daily suspended load against daily river flow on logarithmic coordinates in the 
Texas Red River. Their objective was to use the rating curve as an alternative to the daily 
sampling program to calculate loads. On the other hand, Miller (1951) was concerned in 
 270 
 
using the rating curve, which was derived from a short period of time and applied for 
long term suspended sediment load prediction. Therefore, of all the rating (sediment 
transport) curves used to estimate (predict) daily SSCs for flux calculations, the most 
common is a power function (regression) that relates SSC to water discharge, with the 
discharge measurement constituting the independent variable (Grimshaw and Lewin 
1980; Phillips et al. 1999; Asselman 2000 and Horowitz 2003).  
The rating relationship was obtained by plotting SSC on the ordinate scale against 
discharge on the abscissa. This method in establishing the relationship between 
concentration and stream discharge is more meaningful, as a statistical relationship could 
be made between the sediment variable and streamflow (Walling 1974). The derivation 
of sediment rating curve as a power function is commonly used by several workers 
(Walling 1974, 1977 and Asselman 2000). First, the rating relationship was constructed 
by using linear least squares regression of the logarithmically transformed data. Second, 
this was transformed into a power equation (C = aQb), with C representing the SSC 
(mg/L), Q the water discharge (m3/s), and a and b the regression coefficients. The 
strength of the relationship was determined based on the coefficient of determination, R2.  
Although the sediment rating curve is helpful as a substitute for the laborious 
work of collecting continuous or near- continuous SSC data, it has some disadvantages. It 
tends to underpredict high SSCs, and overpredict low SSCs (Walling 1977a; Asselman 
2000 and Horowitz 2003). When the rating curve is plotted, the data points tend to be 
scattered. (Walling and Teed (1971); Walling (1974, 1977a); Grimshaw and Lewin 
(1980) and Horowitz (2003) have ascribed reasons for this to season, particle size, 
hysteretic effects related to the rising and falling stages, the relative timing of water and 
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sediment hydrographs, exhaustion effects, channel and non-channel flows and tributary 
inflows. In certain cases, scatter points in the rating curve plot can be attributed to human 
errors and incompetence. Errors in sediment load estimation can result from sample 
collection and laboratory procedures, the use of unreliable secondary river flow data and 
an inadequate sampling program to accurately document SSCs and river flow (Douglas 
1971 and Loughran 1971). 
Although there are potential errors that will arise from using the rating curves, 
studies have still used this method to predict sediment loads and compare them against 
direct measurement results to check for errors. Campbell and Bauder (1940) studied Red 
River, Texas, for 60 months. By dividing them into 7 sub periods, they found errors for 
individual periods that varied between -25% and +14.8%. The  error for the entire period 
was +1.5%. Miller’s (1951) 19-year study of San Juan River, Mexico recorded and error 
of + 4% for the entire period, but errors varied between -26% and +236% for each year. 
This was compared to an 8-year period study on the Colorado River near the Grand 
Canyon and the annual average errors were 6% and 18%  (Colby 1956 cited in Walling 
1977a). In the Mississippi River, Horowitz (2003) achieved underestimation errors of 
53% to 65% and overestimation of 147% to 199%. He tried to apply his rating curve for a 
15 and 20 year period. The results showed estimation errors of -52% to 247% and -55% 
to 232% respectively. Hence when short term sampling data is used for long term 
predictions, errors are likely to increase. At the moment, there are no standards available 
on the error limits in estimating sediment loads. This is because the level of error could 
vary across different catchments (Walling 1977a). 
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Despite these shortcomings, researchers take corrective actions to reduce the 
errors. Data sets are subdivided into groups. For instance, SSC/ discharge data is divided 
into seasonal or hydrological groupings, event-based, channel and non-channel sources. 
Other methods like developing correction factors or using non-linear regressions 
equations have also been used (Walling 1974; 1977a; Grimshaw and Lewin 1980; 
Hansen and Bray 1993; Phillips et al. 1999; Holtschlag 2001 and Asselman 2000). For 
example, Walling (1974) carried out data separation between the winter and summer 
period to reduce the amount of scatter in the rating curve and improve the coefficient of 
determination values (R2). This is expected to improve the relationship between SSCs 
and discharge.  
Walling (1977a) also carried out data separation into seasonal, rising and falling 
stages. The results show an improvement in sediment yield prediction, as the data set for 
rating curves was properly categorized and applied at appropriate stages of the 
hydrograph and seasons. The flexibility in making corrections reaped results, as shown in 
Table 8.1. Similar methods were experimented by Grimshaw and Lewin (1980). The data 
set was separated into channel and non-channel sources, which allowed a stronger 
distinction of the sediment contributions by 2 separate sources. They have also separated 
data between the rising and falling stages for both winter and summer periods. The 
division between the rising and falling stages is used to reduce the amount of scatter 
points in the plot. In this way, large numbers of low value points will not distort the more 
important high-value regressions. Campbell and Bauder (1940) studied Red River, Texas, 
for 60 months, dividing them into 7 smaller periods. 
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Despite the success in using a similar basis of subdividing data, partitioning by 
seasonal, period and hydrograph stages may not be universally suited for all rating curves 
in every catchment. This is experienced by Hansen and Bray (1993) in their study of the 
1100 km2 Kennebecasis Basin in Canada. It was found that correlations do not improve 
after the adoption of the mainstream studies’ criterion. Instead, they adopted the less-
known moving intercept method, which makes greater use of point concentration 
observations in time, and obtained R2 values of range 0.18 – 0.51. Such an example has 
demonstrated the need to be less dependent on mainstream separation criterion, and to 
exercise caution in interpreting the catchments’ differences.  
Table 8.1: Comparison of rating-curve estimates of annual sediment load with loads 




Annual Load for Water Year 
(Tonnes) 
Error* % 




7412.7 20577.4   
Single rating  9429.7 33648.2 +27.2 +63.5 




7708.6 26898.6 +4.0 +30.7 
Ratings 
distinguished by 
season and stage 
7100.7 26895.4 -4.2 +30.7 
Source: Walling (1977a) 
* Error involved in the use of the rating curve 
 
Most of the cited literatures have tested the accuracy of suspended sediment loads 
using suspended sediment rating curves. These studies are often done in large 
catchments. Employing such methods are rare in the study of small catchments. Lim 
(2003), in her study of over 5 storm events in the 1.94 km2 Queenstown catchment in 
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Singapore, managed to obtain an R2 of 0.3576 from the rating curve. Scatter was seen in 
the rating curve mainly due to the flushing effects of storm events and sediment 
contributions from transient activities. She made no attempts to subdivide her data set 
into seasonal periods due to a short sampling period. Instead, she differentiated her rating 
curves into baseflow levels and storm flow levels. Baseflow SSC levels were found to be 
higher than storm flow levels due to sediment dumping from construction sites during 
baseflow periods. 
Walling (1974) also encountered weak rating curve results in a small drainage 
basin (0.26 km2) in Exeter, U.K.  R2 of 0.333 was obtained over a three year period from 
1968 - 1971. Low R2 values are due to scatter in the rating plots. Such situations are 
experienced in urban catchments where the highest SSCs are not restricted to high 
discharges due to the nature of the first-flush effect prior to the peak discharge in highly 
impervious environments. To remove the effects inherent with ‘supply limited’ sediment 
transport systems, Walling (1974) used the technique of individual ‘event-based’ 
multivariate rating equations for each individual storm event’s suspended sediment yield. 
Only clearly defined single-peaked hydrographs were used in the fitting process and a 
high R2 value was obtained. However, the drawback of this method is that it creates a 
bias against multi-peak storm events.  
In non-urban catchments, such as Deqing County, 0.73 km2 (a hilly region of 
South China), Luk et al. (1997) managed to derive a high correlation (R2 = 0.93) between 
concentration and discharge. As it is a non-urban catchment with identifiable point 
sources (gullies), sediment mobilization and delivery is solely reliant on rainfall and 
runoff. Brasington and Richards (2000) conducted a study on small catchments 
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(comprising of agriculture and settlement land use), ranging in size from 0.83 – 4.14 km2 
in Nepal. Comparison between rating curve estimations against direct measurements, saw 
an overestimation of 12 % - 46 %.  The error is comparatively low compared to other 
studies (Miller 1951 and Horowitz 2003) with errors exceeding 100 – 200%. 
The use of the suspended sediment curve has been carried out in larger 
catchments in the tropics.  For instance, Moliere et al. (2004), in their study in the 
Ngarradji catchment (43.6 km2), Australia also commented on the low reliability of the 
common SSC- discharge rating curve. The rating curve obtained a low R2 value of 0.06 
and incurred estimation errors ranging from -10% to +22% in the original data set. After 
subdividing the data on the basis of individual storm events, estimation improved to - 4%. 
Evans et al. (1998) and Moliere et al. (2002) managed to collect continuous data on 
various catchments in the Ranger Mineral Lease, Northern Territory, Australia. In this 
event-based suspended sediment load – discharge relationship, both single and multi-
peak runoff events were adopted. The total event suspended sediment load was derived 
from the suspended sediment discharge. SSC data is collected on the rising and falling 
stages of the hydrograph and the fitted relationships in these studies were high (R value 
of 0.90 – 0.99). This method is only useful when high-resolution continuous SSC data 
collected at regular intervals throughout a discharge event is available.  
Balamurugan (1991) attempted to account for the sediment balance in the Kelang 
River basin (1260 km2) in Malaysia. As it is a large basin with inadequate monitoring 
stations, the vast amount of data was obtained through secondary sources. An individual 
rating relationship was drawn at each monitoring station representing each sub-watershed 
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and  R2 values ranging 0.0484 to 0.6006 were obtained. Low R2 values were attributed to 
the large catchment size and the combined use of primary and secondary source data.  
Apart from these studies, there is hardly any documentation of the suspended 
sediment rating curve in the urban tropics.  One reason is the difficulty involved in the 
study of the suspended sediment rating curve. For instance, it is both manpower and time 
consuming to set up regular monitoring work to collect raw primary data and derive a 
good rating curve relationship due to the possibility of missing important events. (Lim 
2003). 
 Assessments of errors are more difficult for small and medium-sized catchments 
because of the general lack of direct measurements of concentration that can be used to 
calculate sediment loads (Walling 1977a). The number of tropical urban cities is still 
expanding, creating huge potential in soil erosion and sediment delivery studies. 
However, in assessing the magnitude of these problems in the tropics, it is disappointing 
to see researchers who did not venture into the realm of the tropics and yet still try to 
extrapolate past data or draw on other researchers’ experiences to explain other tropical 
places (Douglas 1993).   
In pursuit of a better understanding of sediment studies in the urban tropics, more 
work is needed. Hence this study investigates the possibility of using sediment rating in 2 
urban catchments in the tropics. A comparison will be made between the rating curve 
results and direct measurements. The significance of this study is its emphasis on 
sediment rating curve application in small catchment areas (0.34 – 0.69 km2), their 
locality (tropical region), land use (high-density residential land use) and the effect of 
land cover and catchment size on sediment delivery by comparing the 2 catchments. 
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Studies have shown densely populated residential land use to be capable of generating 
high levels of sediments (Mattraw, Jr. 1978; Jun and Ki 2000 and Lee 2002). In this 
respect, high SSCs were recorded in high-density housing estates in JW and AMK (refer 
to Chapter 6). As more urban lands is being allocated to provide for the housing needs of 
the nation, it is surprising that very little data is available on suspended sediment 
production in Singapore’s small urban catchments (Thomas 1991). This is especially 
when there have been no concerted effort  to monitor regular SSC discharge levels.  
As this study is conducted in 2 small urban environments, the rating curves are 
expected to contain a substantial amount of scatter due to the nature of high SSCs (first-
flush effect) during low discharge and low SSCs during the falling stages. The scatter is 
also a result of random events that generate irregularities in SSCs during storm events. 
This is seen in Section 6.2.1 in Figures 6.3 and 6.4, which depict a large difference in the 
90th percentile values of SSCs from the 75th percentile values.  Chapter 4 also showed 
hydrograph responses from single and multi-peak events depicting variations of 
responses during wet, dry and normal months. The constant changes in storm intensities 
would unsurprisingly lead to differential suspended sediment movements, as shown in 5 
different hysteretic patterns in Chapter 7.  
A large scatter of data would inhibit predictive work. But according to Walling 
(1974), Asselman (2000) and Horowitz (2003), the differentiation of data set should 
improve the SSCs – discharge rating relationship. The purpose in re-classifying data 
according to respective groups is that it helps in reducing the degree of scatter within the 
rating plot. This study will incorporate data differentiation in rating curves and applied 
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the double correction method, and assessed its accuracy in the context of small urban 
catchments in the tropics. 
 The development of the suspended sediment rating curve derived from 
continuous turbidity measurements in some studies (Walling 1977a and b; Brasington 
and Richards 2000 and Lim 2003). This is perhaps due to insufficient actual SSCs from 
the field to establish a reliable rating curve. Walling (1977b) has suggested that about 200 
– 300 samples would be reasonably sufficient to establish a reliable rating curve. The 
work of collecting samples simply cannot be removed as actual samples need to be 
collected at least for turbidity – SSCs calibration curves (Walling 1977b). This is because 
if insufficient samples were available for turbidity – SSCs calibration, the use of turbidity 
measurements as a surrogate would have already be incorrect. Suspended sediment load, 
as well as sediment yields would be erroneously overestimated or underestimated. Foster 
(1978) has highlighted the importance of a large sample size for calibration or rating 
curve purposes. An increase in the number of storms sampled is a necessity towards 
understanding the influence of varying discharge levels, transient activities and climatic 
factors. Therefore, with sufficient amount of data collected during the entire sampling 
period, several differentiating methods in sample-based sediment rating curves can be 
explored in this study.  
However, the suspended sediment load and annual sediment yield in JW and 
AMK will be estimated using the event-based sediment rating curve method as 
inconsistent accurate daily discharge levels were unavailable. Gupta (1982) has suggested 
that the annual sediment yields from natural forested areas are likely to be less than 10 
tonnes/ km2, and between 100 and 200 tonnes/ km2 for cleared agricultural areas. Based 
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on this information, it is hypothesized that JW and AMK, being both highly urbanized 
environments, are likely to yield higher than 200 tonnes/ km2/ yr of sediment annually, if 
not within 100 – 200 tonnes/ km2/ yr range. The sediment load for JW is expected to be 
higher than AMK since it is a larger catchment. With regard to the annual sediment yield, 
it is possible that JW would have a higher sediment yield per square kilometer than 
AMK, or vice-versa. This chapter will undertake the following objectives: 
4. to investigate the use of sample-based suspended sediment rating curves and 
event-based suspended sediment rating curves through differentiation of SSC data 
to predict suspended sediment load during storm events., 
5. to assess the potential of suspended sediment rating curves to predict suspended 
sediment load in the 2 catchments, and 
6. to estimate the annual sediment load and yield of both catchments. 
8.2 Fitting of sample-based sediment rating curves 
 
In this study, actual SSC data collected from field samples were used to establish 
separate suspended sediment rating curves in the respective catchments. Although 
numerous studies have employed turbidity measurements on SSCs – discharge rating 
curves (Walling 1977a and b; Brasington and Richards 2000 and Lim 2003),  turbidity 
measurements should not be used in place of available SSCs in this study. Chapter 6 has 
shown that turbidity as a surrogate for SSCs reflects accurately SSCs patterns during 
storm events but do not always represent very accurately the actual SSCs. Since there is 
an availability of samples obtained from field collection, it will be more accurate to use 
these measurements for the sediment rating curve. From 46 and 27 storm events sampled 
in JW and AMK respectively, there are altogether 1061 and 566 available SSCs for JW 
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and AMK respectively., Ongoing carpark and housing upgrading works during the 
sampling period act as temporary sources of suspended sediment during rain events (refer 
to Section 2.1).  
Both catchments experienced months of high and low rainfall, mainly from 
monsoon and post-monsoon periods. Characteristics of storm events were commonly 
observed to be intense and short in duration, unless it was a large magnitude storm event 
that usually exceeded an hour (refer to Chapter 3). In both highly impervious catchments, 
quick discharge was characterized by a short period rising hydrograph limb but longer 
duration falling hydrograph limb (refer to Chapter 4). In this process, the flushing effect 
was often seen during the rising limb (refer to Chapters 6 and 7) but there were occasions 
whereby secondary sediment flushing occurred leading to clockwise eight-shaped loop, 
eight-shaped and random sediment hysteresis patterns (refer to Chapter 7).  
With due consideration for these seasonal, hydrological and construction activities 
effects on sediment production and delivery, original sediment rating curves will be 
highly scattered. To reduce the degree of scattering of the data set for JW and AMK, 
correction measures was adopted similarly to past studies (Walling 1977a; Grimshaw and 
Lewin 1980; Hansen and Bray 1993; Phillips et al. 1999; Holtschlag 2001 and Asselman 
2000). In order to examine the applicability of various corrective strategies, sample-based 
sediment rating curves were attempted as more samples were available for the double 
corrective method. This study also tried to use the event-based sediment rating curve 
method to predict sediment loads. 
Samples were separated into periods of high and low rainfalls. It is believed that 
during periods of higher rainfall, more sediments will be eroded and transported. In 
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earlier chapters, months were distinguished into wet, dry and normal. However, in this 
chapter, data will be divided into wet and dry months. This is because with available 
discharge measurements separated into three distinct months, the number of samples in 
dry and normal groups will be reduced to lower numbers which would increase errors of 
prediction from regression procedures in small sample size (Ferguson 1986). Even 
though, there is a total of 1562 and 1102 samples which have been analyzed for SSCs in 
JW and AMK respectively (refer to Chapter 6), however, only 1061 and 566 samples in 
respective catchments are available for sediment rating curve analysis. This is because in 
the remaining 501 and 536 samples, the SSCs and discharge sampling times are different. 
Therefore, it would be erroneous to include them because discharge and SSCs of different 
timings are not an accurate reflection of the dynamic temporal changes of SSCs with 
discharge within minutes in the 2 catchments. In order to maintain a reasonable large 
sample size, the dry and normal months were combined and organized into a group of 
‘non-high rainfall months’ described here also as ‘dry months’.  
Scattering within the rating curve plots was also expected to emerge due to quick 
sediment delivery response (early sediment flushing effect) during storm events in highly 
impervious urban catchments. Therefore, the data set was also separated into the rising 
and falling stages during the hydrograph event. This correction method has been 
employed by Walling (1977a), and Grimshaw and Lewin (1980) and would reduce data 
scattering problems associated with high SSCs during low discharge levels during the 
initial rising limb period. Finally, the data was also separated into construction and non-
construction periods since construction activities would also contribute towards scattering 
in the rating curve plots (Lim 2000).    
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The process of data separation is depicted in Figure 8.1. In the first tier 
differentiation, undifferentiated data is separated into the rising and falling stages of the 
hydrograph, construction and non-construction period and wet and dry months. The 
double correction technique employed by others to reduce further hysteretic effects of 
sediment delivery and was applied in this study too (Walling 1974, 1977a; Asselman 
2000 and Horowitz 2003). The second tier differentiation involves both rising and falling 
stages being grouped into construction and non-construction period. The construction and 
non-construction groups will be grouped into wet and dry months. Lastly, the wet and dry 
months are grouped into rising and falling stages. Rating relationships that were 
constructed using linear least square regression of the logarithmic transformed data are 
shown in Appendices 8A and 8B for JW and AMK respectively. 19 SSC – discharge 
relationship rating curves (inclusive of undifferentiated rating curve) are derived 
individually in JW and AMK. The resultant power function sediment rating curves are 
presented together with their coefficient of determination (R2) in Tables 8.2 and 8.3 for 
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Table 8.2: Rating equations derived for the suspended sediment concentrations and discharge data collected at Jurong West based on 
linear least squares regression analysis. 











Undifferentiated data, n = 1061 
C = 59.359Q0.3298 , R2 = 0.1517,  
 
Rising stage, n = 252 
C = 148.19Q0.1312, R2 = 0.0506 
 
Rising stage construction period, n = 202 
C = 139.89Q0.1417, R2 = 0.0744 
Rising stage non-construction period, n = 50 
C = 166.18Q0.3134, R2 = 0.1479 
Falling stage, n = 809 
C = 44.672Q0.3501, R2 = 0.1954 
 
Falling stage construction period, n = 748 
C = C = 41.243Q0.3452, R2 = 0.1809 
Falling stage non-construction period, n = 61 
C = 84.169Q0.3808, R2 =0.4140 
Construction period, n = 950 
C = 55.732Q0.3373, R2 = 0.1565 
 
Wet construction period, n = 273 
C = 93.778Q0.4514, R2 = 0.2686 
Dry construction period, n = 677 
C = 43.814Q0.2773, R2 = 0.1131 
Non-construction period, n = 111 
C = 109.57Q0.3262, R2 = 0.1908 
 
Wet non-construction period, n = 48 
C = 79.333Q0.3567 , R2 = 0.3196 
Dry non-construction period, n = 63 
C = 141.74Q0.3145, R2 = 0.1671 
Wet period, n = 320 
C = 93.14Q0.441, R2 = 0.2742 
 
Wet rising stage, n = 66 
C = 154.18Q0.1464, R2 = 0.0665 
Wet falling stage, n = 254 
C = 84.169Q0.3808, R2 = 0.2947 
Dry period, n = 741 
C = 47.842Q0.2732, R2 = 0.1067 
 
Dry rising stage, n = 160 
C = 144.29Q0.1216, R2 = 0.0405 
Dry falling stage, n = 581 
C = 34.757Q0.3018, R2 = 0.1704 
C = Suspended sediment concentration (mg/L), Q = discharge (m3/s), n = number of samples 
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Table 8.3: Rating equations derived for the suspended sediment concentrations and discharge data collected at Ang Mo Kio based on 
linear least squares regression analysis. 
 First tier differentiation Second tier differentiation 
Undifferentiated data, n = 566 
C = 95.887Q0.3925 , R2 = 0.3424 
 
Rising stage, n = 99 
C = 234.85Q0.255, R2 = 0.2906,  
Rising stage construction period, n = 48 
C = 197.59Q0.3099, R2 = 0.4770 
Rising stage non-construction period, n = 51 
C = 240.44Q0.173, R2 = 0.1356 
Falling stage, n = 467 
C = 75.879Q0.3663, R2 = 0.2864,  
Falling stage construction period, n = 214 
C = 51.166Q0.3317, R2 = 0.2525 
Falling stage non-construction period, n = 253 
C = 72.02Q0.3579, R2 = 0.3851 
Construction period, n = 262 
C = 76.084Q0.2951, R2 = 0.2951,  
Wet construction period, n = 99 
C = 123.25Q0.5437, R2 = 0.6219 
Dry construction period, n = 163 
C = 42.939Q0.2374, R2 = 0.1054 
Non-construction period, n = 304 
C = 111.33Q0.3955, R2 = 0.3707,  
Wet non-construction period, n = 208 
C = 79.978Q0.3465 , R2 = 0.3112 
Dry non-construction period, n = 96 
C = 201.31Q0.4794, R2 = 0.5196 
Wet period, n = 307 
C = 90.0610.3924, R2 = 0.3837,  
Wet rising stage, n = 64 
C = 195.86Q0.2123, R2 = 0.2465 
Wet falling stage, n = 243 
C = 65.277Q0.3843, R2 = 0.4307 
Dry period, n = 259 
C = 106.94Q0.4053, R2 = 0.3058,  
 
Dry rising stage, n = 35 
C = 371.63Q0.3655, R2 = 0.4206 
Dry falling stage, n = 224 
C = 75.879Q0.3663, R2 = 0.2864 




Small improvements were observed in the coefficient of determination (R2) after 
the first tier differentiation (see Tables 8.2 and 8.3). Both JW and AMK saw 
improvement in R2 during the wet months and non-construction period.  An improvement 
was also observed when JW’s data was differentiated into the falling stage. In the second 
tier, JW showed an improvement in the falling stage of wet months and non-construction 
period. An improvement in R2 was also seen in wet months (construction and non-
construction periods). In AMK, an improvement in R2 is seen in rising stage 
(construction period), falling stage (non-construction period), wet (falling stage), dry 
(rising stage), wet (construction period) and dry (non-construction period) periods. 
General observations have shown that the coefficient of determination (R2) 
improved in Tables 8.2 and 8.3, especially when primary data was divided into second 
tier groups. This has certainly demonstrated the appropriateness of the double correction 
factor in improving the goodness-of-fit in sediment rating curve. However, this are just 
general observations as there were also decreases in R2 values in the rating curves even 
after correction measures were applied. In such situations, the choice of grouping may be 
seen as an inherent nature of sediment delivery within the urban catchment itself. In JW, 
a drop in R2 value < 0.1 was clear when data was grouped into the rising stage in both 
first and second tier differentiation (with the exception of the rising stage during non-
construction period). In AMK, poorer R2 was also seen in the rising stage (first tier) and 
the rising stage during non-construction and wet periods. Both JW and AMK also showed 
a decrease in R2 during the dry construction period. Overall, an improvement in the rating 





Poor R2 values achieved in the rising stage rating curve is largely due to sediment 
flushing effect whereby low discharge may be accompanied by high SSCs and high SSCs 
may not be always accompanied with a peak discharge. This has been shown in Chapter 7 
whereby both catchments were characterized by clockwise hysteresis, reflecting an 
immediate sediment discharge when discharge levels rose above base flow levels. This is 
commonly described as SSCs exhaustion before peak discharge. The decline in R2 for the 
construction period during the dry period can be explained by smaller discharge levels 
normally associated with usually smaller magnitude storm events although occasional big 
storm events might happen too (refer to Chapter 3). Therefore, high SSCs due to 
construction activities could still lead to high SSCs during low discharge in small storm 
events, as well as high SSCs with high discharge during larger storm events. This would 
still result in scattering of the data points within rating curves which the double correction 
method might not be able to eliminate completely. 
It has been observed after the application of the correction method, the R2 of each 
rating curve was still at low values below 0.7, which indicate the presence of outliers 
from the rating curve. These outliers are identified as unusual happenings as compared to 
other data points within the same group. Take for instance, low SSCs are usually 
associated with falling hydrograph limbs. However, further mobilization of sediment 
from urban sources led to an unexpected rise in SSCs during this falling limb period. 
Therefore, scattering is still prevalent within the scatter plot and any significant 
improvements in R2 values have yet to be observed. The removal of these data points 
improve the degree of rating curve fit in the rating curve plot. However, the derived 
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rating curve would be unrepresentative of actual sediment delivery conditions in JW and 
AMK. Lim (2003) commented on the poorly fit rating curve as a result of construction 
sediment discharges, which led to uncharacteristically high SSCs during base flow 
periods.  
Low R2 values may emerge as a problem when a large sample size SSCs is used. 
This is because there are several sediment sources within urban catchments, especially 
from non-point sources. A large sample size will comprise of SSCs from these sources 
which the correction method may not be able to eliminate totally. It is an indication of the 
extent of non-point sources contributing sediments within the urban catchment. 
Separation of samples from different non-point sources (e.g. roads, bare soil surfaces and 
domestic sources) is not easy, or if it is possible at all.   
Hence a smaller sample size is preferred so that data can be easily differentiated 
based on a recognizable criterion or even from an identifiable point source. However, the 
reliability of such rating curves becomes questionable because of their small sample size. 
Ferguson (1986) has commented on the problems of a small sample size. It is usually the 
case in practice that the standard errors of the regression coefficient are inevitably greater 
and rendering the load estimated based on the rating curve imprecise. Perhaps due to the 
complex nature of sediment transport within urban environments, a rating curve should 
not be assessed entirely on the degree of scatter within the scatter plot. Since the rating 
curve line is statistically deemed as the best-fit line among the data points, the result 





8.3 Accuracy of sample-based rating curves  
 
The various differentiated suspended sediment rating curves were applied and 
compared against actual sediment load measurements. The degree of error in percentage 
by each differentiated rating curve was calculated by the formula:  
(actual sediment load – predicted sediment load)/ actual sediment load and multiplied by 
100.  
The percentage errors in sediment load estimation are listed in Tables 8.4 and 8.5 for JW 
and AMK respectively. Figures 8.2 and 8.3 depicted errors in sediment load estimation 
change in the coefficient of determination as undifferentiated data is corrected through 
first and second tier differentiation. Undifferentiated JW and AMK rating curves provide 
an underestimation of 51% and 46% in sediment load as compared to actual field 
measurements. After the first tier differentiation, 67% (4 out of 6 rating curves) in the 
first tier group showed improvements in the sediment load prediction. There was a  
further improvement of 75% (9 out of 12 rating curves) for JW but the degree of 
improvement remained at 67% for AMK when double correction was applied. A 
comparison between the second tier differentiation and undifferentiated data showed that 
83% of the rating curves (10 out of 12) improved in sediment load prediction for JW. For 
AMK, there was a 75% improvement. Hence there is an improvement in sediment load 
prediction when data is differentiated into the 3 generic criterions and then differentiated 
twice. 
Under the first tier differentiation, sediment load is underestimated by a range of 
24% to 57% and 22% to 70% in JW and AMK respectively. This is just a marginal 
improvement in sediment load prediction. When the first tier data was grouped further 
 290 
 
into a second tier group, even though the sediment load estimate ranged from +34% to -
53% and +4% till -59% in JW and AMK respectively, a significant improvement in 
sediment load estimate was seen. In JW, an underestimate of only 1% and 4% was 
observed in the falling stage during the  non-construction period and non-construction 
period during dry days respectively. In AMK, a significant improvement was seen in an 
over-estimate of only 4% in the rising stage during the wet period and an underestimate 
of 3% in the rising stage during the construction period (see Figures 8.2 and 8.3).  
It is difficult to select the best rating curve an to apply its principles in other urban 
catchments, especially with the low R2 values even after correction. Relying on R2 
improvements and sediment load estimation after each correction method has been 
applied, rating curves like ‘falling stage during construction and non-construction 
periods’ and ‘non-construction during wet period’ in JW, and ‘falling stage during wet 
period’ in AMK showed the best results. However, the adoption of such specific 
differentiated rating curves may not be suitable in other circumstances. For example, the 




Table 8.4: Errors in sediment load estimation in Jurong West. 
 First tier differentiation Second tier differentiation 
Undifferentiated data, -46% Rising stage, -22% Rising stage construction period, -3% 
Rising stage non-construction period, -27% 
Falling stage, -35% Falling stage construction period, -41% 
Falling stage non-construction period, -29% 
Construction period, -47% Wet construction period, -17% 
Dry construction period, -50% 
Non-construction period, -41% Wet non-construction period, -37% 
Dry non-construction period, -59% 
Wet period, -31% Wet rising stage, 4% 
Wet falling stage, -25% 
Dry period, -70% 
 
Dry rising stage, -52% 
Dry falling stage, -41% 
Percentage values represent error in sediment load estimation. Negative values indicate underestimation in sediment load. 
 
Table 8.5: Errors in sediment load estimation in Ang Mo Kio. 
 First tier differentiation Second tier differentiation 
Undifferentiated data, -51% Rising stage, -32% Rising stage construction period, -40% 
Rising stage non-construction period, 27% 
Falling stage, -47% Falling stage construction period, -44% 
Falling stage non-construction period, -1% 
Construction period, -54% Wet construction period, -29% 
Dry construction period, -57% 
Non-construction period, -37% Wet non-construction period, 34% 
Dry non-construction period, -4% 
Wet period, -24% Wet rising stage, -31% 
Wet falling stage, -19% 
Dry period, -57% 
 
Dry rising stage, -31% 
Dry falling stage, -53% 





















Figure 8.2: Changes in sediment load prediction errors from primary data to second tier 
differentiation in Jurong West. Negative values indicate an underestimation of the 
sediment load prediction by the rating curve. Improvements in the rating curves in terms 
of R2 and sediment load prediction are seen in the falling stage followed by construction 
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Figure 8.3: Changes in sediment load prediction errors from primary data to second tier 
differentiation in Ang Mo Kio. The negative values indicate the underestimation of 
sediment load prediction by the rating curve. Improvement in the rating curves in terms 
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The application of various criteria in the first tier differentiation showed 
improvements in the sediment load prediction. Seen in both catchments, data separation 
based on the presence of construction and non-construction activities again emphasized 
the major role of construction activities in sediment contribution during storm events. 
The benefits of the second tier differentiation is to enable greater accuracy in the 
sediment load prediction pertaining to specific situations (e.g construction activities 
during wet period or the rising stage during the non construction period). Given the 
decreasing errors in sediment load prediction from primary to second tier level, judgment 
should be based on strategies rather than specific rating curve results. Of course, 
separation through construction and non-construction has shown to be the best criteria but 
other strategies like the rising and falling stages, and wet and dry months are appropriate 
too because of improvements in their rating curves. 
By regression principles, when R2 value improves, the level of prediction 
accuracy should improve as well. However, after the 2 tier differentiation, only 50% and 
33% showed both improvement in R2 values and sediment load estimation in JW and 
AMK respectively. The remaining differentiated rating curves exhibited an improvement 
in sediment load estimation but not their coefficient of determination values or vice-
versa. For example, an improvement is observed in AMK’s wet rising rating curve’s 
sediment load estimation (+4%) but its R2 value of 0.2465 did not improve from earlier 
values of (0.3424 and 0.3837) (see Figure 8.5). A similar outcome is also seen in other 
rating curves, such as the rising stage (JW) and falling stage (AMK).  
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One statistical observation with regards to the degree of errors in estimation is 
that the R2 statistic is used as an indicator of the so-called ‘goodness of fit’ for regression 
equations. However, when it comes to the accuracy of the sediment rating curve derived 
from the differentiated data set, it appears to lose its sensitivity. This leads to a weak 
rating relationship, thereby inhibiting prediction capabilities. It appears that no matter 
how well the curve actually fits all the data points, the key to achieving higher accuracy 
relies on how well the regression averages out the ‘scatter’ in the data (Horowitz 2003). 
Therefore, this begs the question of whether we are accepting the accuracy of a sediment 
rating curve based on the R2 value or the error of suspended sediment load estimation. 
Errors in sediment load prediction have been reduced after correction factor has 
been applied. However, the scattering ‘problem’ has not been totally solved. The 
scattering problem may be inevitable given various factors such as seasonal influences in 
the availability of sediment (Walling 1977a; Asselman 2000 and Brasington and Richards 
2000), hysteretic effects relating to the rising and falling stages (Walling 1977a), 
laboratory methods (Loughran 1971), catchment size (Walling and Teed 1971) and 
sampling frequencies (Horowitz 2003). Different antecedent moisture conditions can also 
contribute towards data scattering in Singapore’s humid environments. This would lead 
to runoff contribution from different contributing areas within the catchment, thereby 
prompting different sediment amounts discharged during storm events (Walling 1983). 
The separation of data on the basis of wet and dry months only resolves this factor 
superficially, even though during wet months, dry antecedent conditions are lower under 
conditions of higher humidity. There were only improvements in R2 values and the 
sediment load prediction during the wet and not dry periods. It is possible that a larger 
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range of humidity and antecedent dry conditions may lead to different runoff and 
sediment delivery rates during the dry periods. 
Low coefficients of determination of sediment rating curves may reduce the 
accuracy of the sample-based sediment rating curves in this study. However, it has to be 
highlighted that data scattering will not be eliminated totally due to sediment contribution 
from non-point sources. In addition, there are improvements on the majority of the rating 
curves in terms of sediment load estimate and R2 values after the correction process. This 
suggests that the correction methods have been applied correctly. Therefore, sample-
based sediment rating curve may still be appropriately suitable for sediment load 
estimation. Also, dissimilarities in the degree of accuracy in sediment load estimate and 
R2 values  between both catchments suggests that catchments belonging to similar 
climatic regimes and land use could still reap differences in sediment load estimation 
despite following through similar ways of data separation. Land cover and catchment size 
are likely to be factors affecting sediment delivery during storm events. Land cover and 
catchment size have shown to influence types of runoff (pervious and impervious runoff) 
(refer to Chapter 5), the level of SSCs (refer to Chapter 6) and various flushing 
magnitudes and hysteretic patterns (refer to Chapter 7). Therefore, it would be 
unsurprising that both land cover and catchment size also affect the accuracy of rating 
curves.   
It is observed that the majority of estimated suspended sediment load is generally 
underestimated (refer to Tables 8.4 and 8.5), with the exception of JW (the rising stage 
during non-construction period and the non-construction period during the wet months) 
and AMK (the rising stage during the wet period). According to the literature, both 
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positive and negative errors have been reported (Campbell and Bauder 1940; Miller 
1951; Walling 1977a; Asselman 2000 and Horowitz 2003). However, in general, 
underestimation error often occurs when least squares logarithmic regression procedure is 
used to derive the rating curve. This is because of the bias given to the values below the 
fitted line by the regression technique (Walling 1977a and Ferguson 1986a and b).  
An overestimation error may not be common in least squares logarithmic 
regression but there are explanations for this occurrence in this study. Similar to this 
study, Walling (1977a) recorded an overestimation of sediment in the rising stage rating 
curve when the rating curve was being divided into the falling and rising stages. The 
rising discharge usually had higher concentrations than the falling stage. Furthermore, a 
rising limb usually had a shorter duration than a falling limb. This characteristic will tend 
to balance the bias introduced by the least square procedure, thus leading to an 
overestimation rather than an underestimation (Walling 1977a). This reasoning may 
explain the overestimation of sediment load when differentiated on the basis of the rising 
stage. With regard to non-construction during wet months in JW, an overestimation in 
sediment load results mainly actual high discharge levels and low SSCs during storm 
events. As sediment load prediction relies exclusively on discharge levels, predicted 
SSCs will be higher, thereby leading to an overestimation of the sediment load.  
The decision to assess the accuracy of the rating curve through sediment load 
prediction errors is inconclusive. This is because the magnitude of error will depend on 
many factors, including the nature of catchment, sampling interval, procedures in 
applying correction methods and the length of predictive period (Walling 1977a). 
Therefore, there can be as much error as 50% or more. At present, Horowitz’s (2003) 
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study is the only study that has commented that for a relatively accurate rating curve, 
errors should be ±20 %.  In this study, rigorous standards can be set at errors as low as ± 
10%, moderate ± 30% or lax in the range of ± 50% or more. This is because there have 
not been any known tropical urban studies that deals extensively with sediment rating 
curve errors. On the other hand, the degree of prediction errors in suspended sediment 
load estimation (see Table 8.4) has been commonly cited in the literature (Walling 1974 
and 1977a, Carling 1983, Kelly 1992; Hansen and Bray 1993; Brasington and Richards 
2000 and Lim 2003). For example, Devon Rivers, whose data has been divided based on 
stage and season, has overestimation exceeded by 50% or more (Walling 1974) and in 
River Creedy, the sediment load was overestimated by 61% (Walling 1977a). Brasington 
and Richards (2000) have errors overestimated by 12 % - 46 % in small catchments of 
size from 0.83 – 4.14 km2. Walling (1977a) has also commented that overestimation and 
underestimation of suspended sediment load could even exceed 150 %. This is shown by 
studies conducted by Horowitz (2003) who recorded an overestimation of 199 %, and 
Miller (1951) who recorded an underestimation of 236 %.  
Low values of coefficient of determination are also observed in other studies. 
Walling (1974) obtained an R2 value of 0.333 and Lim (2003) has 0.3576 urban 
environments. Based on a study of large drainage basins like the Rhine, Asselman (2000) 
derived different sediment rating curves (separated based on seasonal and hydrograph 
characteristics) along the River Rhine which obtained a range of values from 0.19 – 0.68. 
Praeman (1998) who studied undisturbed rainforest streams in Bukit Timah, Singapore 
recorded extreme scatter and an R2 value of only 0.0125. Elsewhere, Brasington and 
Richards’s (2000) study of the Himalayan mixed land use environment recorded an R2 
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value of 0.499, which is slightly higher. The same was seen in Greer et al. (1995) in their 
study of disturbed and undisturbed catchments in Sabah, Malaysia. They recorded R2 
values ranging between 0.49 and 0.54.  
From these studies, the scattering of data points within rating curves occurs 
prominently in both urban and non-urban environments. In undisturbed environments, the 
occurrence of episodic events (e.g. landslides and collapse of stream banks) could easily 
complicate data points scattering at any time of the storm event. Similarly, contribution 
from sediment sources (e.g. bare soil surfaces and construction activities) within urban 
environments can invoke the same problem too. This is highly applicable in Queenstown 
catchment, Singapore where SSCs during baseflow periods are higher than discharge 
levels due to sediment dumping from construction activities (Lim 2000 and 2003). Given 
that the outcome of load estimation errors and the degree of R2 values, the strategies 
adopted in data differentiation in this study can be considered appropriately applied. 
It is hard to pass judgment on how accurate a sediment rating curve should be. It 
is perhaps more appropriate to leave it to the individual discretion of the researcher as to 
on how much error should be tolerated. Furthermore, errors of estimation may not remain 
constant throughout for the studied catchment. An accurate sediment rating curve may be 
achieved at a specific point in time but could also fail in the same catchment as time 
progresses. This is because there are several unknown or even known variables that 
would increase the number of data outliers in rating curves. Hence specific and 




Improvements in sediment rating curves with various differentiation strategies 
have been adopted to reduce scattering and improve sediment load prediction. These 
strategies do not complicate the predictive work and are easy to implement. For instance, 
its simplicity lies in the ease of predicting incoming months of higher rainfall or 
knowledge of future construction activities within the catchment. Another advantage of 
double correction allows for the further elimination of scattering which would aid in 
better sediment load prediction. This should be the approach taken since sufficient 
samples are available. However overt correction should be avoided as the number of 
samples decreased after the second differentiation was carried out (see Tables 8.2 and 
8.3). Problems incurred from small sample size have to be noted (Ferguson 1986b). Thus, 
it is necessary that sufficient field measurements are collected to apply the double 
correction method meaningfully.  
8.4 Event-based suspended sediment rating curves  
  Besides sample-based sediment rating curves, an alternative is to use an event-
based suspended sediment rating curve comprising of sediment load and discharge 
amounts of every sampled storm events. The event-based sediment rating curve criterion 
was adopted by Walling (1974), Evans et al. (1998) and Moliere et al (2002 and 2004). 
This method is useful when consistent discharge and SSCs levels are not available for 
sediment load estimation. Instead of plotting individual SSCs with discharge levels in the 
sample-based rating curve, sediment load is plotted against discharge amounts. 
The derivation of event-based rating curves encompasses firstly, the computation 
of runoff depth in each individual sampled storm event. There is a total of 120 and 106 
storm events sampled in JW and AMK respectively (refer to Chapters 4 and 5). The 
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runoff depth was calculated at the time when discharge level rose from the base flow 
level till the time when it resumed to baseflow levels. In Figures 4.8 and 4.9, the storm 
events’ rainfall depth and runoff depth are plotted against each other. The R2 values of 
0.9108 and 0.962 in JW and AMK respectively clearly shows the efficient translation of 
rainfall into runoff. Using a year (February 2005 till January 2006) storm events record, 
runoff depth was calculated from rainfall depth based on the linear rating curve 
relationship in Figures 4.8 and 4.9 and are shown as Equations 8.1 and 8.2: 
Jurong West: RO = 0.6952 (RF) – 1.2075 --------------------------------------- (Equation 8.1) 
Ang Mo Kio: RO = 0.8175 (RF) – 2.1674  -------------------------------------- (Equation 8.2) 
RO = Runoff depth (mm) 
RF = Rainfall depth (mm) 
A total of 46 and 27 storm events were sampled for SSCs with similar discharge 
timings in JW and AMK respectively. The sediment load is computed by the 
multiplication of discharge levels and SSCs in each storm event.  The sediment load per 
storm event is regressed with total discharge. A rating curve relationship between storm 
discharge (m3) and sediment load (tonnes) for each catchment is presented in Figures 8.4 
and 8.5, with significant R2 values of 0.7557 and 0.7686 in JW and AMK respectively. 
These linear relationship rating curves have been applied and sediment loads have been 
over-estimated by 33% and 29% in JW and AMK respectively. An examination of both 
catchments’ sediment load and discharge rating curve show the presence of outliers in the 
rating curve plot, which indicates the necessity for corrective strategies similar to those 
applied to the sample-based rating curves to be adopted. 
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Sediment load and Discharge rating curve relationship 
(JW)
























Figure 8.4: Event-based rating curve between suspended sediment load and discharge 
amounts in Jurong West. R2 = 0.7557. 
 
Sediment load and Discharge rating curve relationship (AMK)






















Figure 8.5: Event-based rating curve between suspended sediment load and discharge 
amounts in Ang Mo Kio. R2 = 0.7686. 
 
By applying the corrective methods employed to reduce the degree of scattering 
in sample-based sediment rating curve on event-based sediment rating curves, the events 
were separated into construction and non-construction periods, and wet and dry periods. 
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Double correction was also carried out to improve on the predictability of the event-based 
sediment rating curves. Second tier differentiation was carried out with construction and 
non-construction periods being further separated into wet and dry periods. This 
differentiation process is shown in Figure 8.6. The corrected rating curves are shown in 
Figures 8.7 – 8.10 for JW and Figures 8.11 – 8.14 for AMK. The rating curves are 
applied and compared against direct measurements for the degree of prediction errors. 
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Sediment load and discharge rating curve relationship in Jurong West 
during construction and non-construction period
y = 0.0002x - 0.1602
R2 = 0.7824
























Linear (Construction) Linear (Non-construction)
                     
Sediment load and discharge rating curve relationship in Jurong West 
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Figure 8.7: Event-based sediment rating curve for the 
construction and non-construction periods in Jurong West. 
Figure 8.8: Event-based sediment rating curve for the wet and dry 
period in Jurong West. 
 
Sediment load and discharge rating curve relationship in Jurong West 
during wet and dry construction period
y = 0.0002x - 0.187
R2 = 0.8615























Dry construction period Wet construction period
Linear (Wet construction period) Linear (Dry construction period)
                     
Sediment load and discharge rating curve relationship in Jurong West 
during wet and dry non-construction period
y = 0.0002x - 0.337
R2 = 0.9739























Dry non-construction period Wet non-construction period
Linear (Wet non-construction period) Linear (Dry non-construction period)
 
Figure 8.9: Event-based sediment rating curve for the wet and dry 
construction periods in Jurong West. 
Figure 8.10: Event-based sediment rating curve for the wet and 
dry non-construction periods in Jurong West. 
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Sediment load and discharge rating curve relationship in Ang Mo Kio 
during construction and non-construction period
y = 0.0001x + 0.0379
R2 = 0.7841























Linear (Construction) Linear (Non-construction )
                        
Sediment load and discharge rating curve relationship in Ang Mo Kio 
during wet and dry periods
y = 0.0002x + 0.0224
R2 = 0.5492
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Linear (Wet period) Linear (Dry period)
 
Figure 8.11: Event-based sediment rating curve for the 
construction and non-construction periods in Ang Mo Kio. 
Figure 8.12: Event-based sediment rating curve for the wet and 
dry periods in Ang Mo Kio. 
 
Sediment load and discharge rating curve relationship in Ang Mo Kio 
during wet and dry construction period
y = 0.0001x + 0.0471
R2 = 0.8847





















Dry construction period Wet construction period
Linear (Wet construction period) Linear (Dry construction period)
                        
Sediment load and discharge rating curve relationship in Ang Mo Kio 
during wet and dry non-construction period
y = 0.0002x - 0.0609
R2 = 0.9954
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Linear (Wet non-construction period) Linear (Dry non-construction period)
 
Figure 8.13: Event-based sediment rating curve for the 
construction and non-construction periods in Ang Mo Kio. 
Figure 8.14: Event-based sediment rating curve for the wet and 











Figure 8.15: Changes in sediment load prediction errors in event-based rating curves in Jurong 
West. Negative values indicate underestimation of sediment load prediction by the rating curves. 
Generally, there are improvements seen in the rating curves’ sediment load prediction. The R2 



















Figure 8.16: Changes in sediment load prediction errors in event-based rating curves in Ang Mo 
Kio. Negative values indicate underestimation of sediment load prediction by the rating curves. 
Generally, there are improvements seen in the rating curves’ sediment load prediction. The R2 
values in wet period and dry construction period rating curves are relatively significant low. In 
the dry construction period, low R2 value of 0.2487 is recorded. However, error in sediment 
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In comparison to sample-based sediment rating curves, R2 values are seen in all 
event-based sediment rating curves, even without exception during the wet period and 
dry construction period in AMK. There were improvements in sediment load prediction 
in all corrected rating curves, with the exception of AMK’s wet period rating curve. 
However, the sediment prediction error only increased by an insignificant amount of 2%. 
Considering these factors, it is possible to apply 4 double-corrected rating curves in JW 
and AMK to estimate sediment load. The 4 rating curves are wet and dry construction 
period and wet and dry non-construction period. The 4 linear equations are labeled as 
Equations 8.3 – 8.10. As different rainfall months and construction activities are 
identifiable in both catchments during the sampling period, Equations 8.3 – 8.4 can be 
easily applied to estimate sediment load. 
Monthly rainfall in Figures 3.10 and 3.11 are able to show the wet periods with 
certain months recording higher rainfall than the monthly average. As mentioned in 
Section 8.2, the dry period comprises of the ‘normal months’ too (refer to Chapter 3). The 
presence of construction activities have been explained in detail in Chapter 2. In brief, 
there are no construction activities during April to May 2005 in JW. In AMK, localized 
small scale construction activities took place from January to June 2006. Runoff depths 
(mm) have been tabulated from Equations 8.1 and 8.2, and converted into discharge 
amounts (m3) which will be used to calculate sediment load from individual storm events 
in Equations 8.3 to 8.10, depending on the specific characteristic of the month (e.g. 





JW (Wet construction period): SSL = 0.0002 (Q) – 0.187 ------------------ 
 
Equation 8.3 
JW (Dry construction period): SSL = 0.0001 (Q) – 0.0519 ----------------- 
 
Equation 8.4 
JW (Wet non-construction period): SSL = 0.0002 (Q) – 0.337 ------------- 
 
Equation 8.5 
JW (Dry non-construction period): SSL = 0.0002 (Q) – 0.228 ------------- 
 
Equation 8.6 
AMK (Wet construction period): SSL = 0.0001 (Q) + 0.0471 ------------- 
 
Equation 8.7 
AMK (Dry construction period): SSL = 0.00007 (Q) + 0.1176 ------------ 
 
Equation 8.8 
AMK (Wet non-construction period): SSL = 0.0002 (Q) – 0.0609 -------- 
 
Equation 8.9 
AMK (Dry non-construction period): SSL = 0.0002 (Q) – 0.0175 --------- 
 
Equation 8.10 
SSL = Suspended sediment Load (tonnes) 
Q = Discharge (m3) 
Monthly discharge amounts and sediment loads are computed and presented 
graphically in Figures 8.17 and 8.18. Higher discharge levels are seen during higher 
rainfall months. Sediment load levels are found to be closely related to discharge levels. 
However, a glimpse of the effect of construction activities can be seen in JW. Higher 
rainfall was experienced during May 2005 (non-construction period) compared to 
January 2006 (construction period). However, despite a lower discharge amount, the 
sediment load in January 2006 was 17% higher than the May 2005 sediment load. This 
indicates a significant contribution of sediment from construction activities in JW. 
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Figure 8.17: Monthly sediment load in Jurong West for the entire sampling period 
(February 2005 till September 2006). The wet months are May, July, October and 
December in 2005, and January and April 2006. 
 













































































Figure 8.18: Monthly sediment load in Ang Mo Kio for the entire sampling period 
(February 2005 till September 2006). The wet months are May, September, October and 
November in 2005, and January and April 2006. 
 
The average sediment load per month during the entire sampling period is 14.2 
and 8.3 tonnes in JW and AMK respectively. The monthly sediment load ranges from 2.4 
to 42.4 tonnes in JW and 1.8 to 15.9 tonnes in AMK. The annual (February 2005 to 
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January 2008) sediment load of JW and AMK were 199 and 118 tonnes respectively. JW 
recorded a suspended sediment load that was approximately 0.7 times higher than that of 
AMK. However, AMK recorded a higher annual suspended sediment yield of 338 tonnes/ 
km2/ yr than JW which recorded 289 tonnes/ km2/ yr. These results affirm the working 
hypothesis of sediment yield exceeding 200 tonnes/ km2/ yr in urban catchments (Gupta 
1982).  
On the other hand, the estimation of sediment yield could have been 
overestimated. This is because this study has measured higher annual (February 2005 till 
January 2006) rainfall than the records documented by Chia and Foong (1991). An 
annual excess of 820 mm and 629 mm (28% and 22% in-excess) was measured in JW 
and AMK respectively. This excess represents a quarter to a third of total rainfall amount 
in this study. This would also mean excess discharge amounts too. Therefore, due to 
indirect effects of higher annual rainfall in this study, overestimation may arise in the 
computation of sediment yield. Given a scenario whereby the percentage excess (28% 
and 22% in-excess) is eliminated, the sediment yield might have been 208 tonnes/ km2/ 
yr and 263 tonnes/ km2/ yr in JW and AMK respectively. In conclusion, these sediment 
yield are still significantly high (exceeding 200 tonnes/ km2/ yr) than proposed by Gupta 
(1982).   
In this study, the primary rainfall data was used to calculate sediment yield. This 
is because past rainfall records by Chia and Foong (1991) are just general rainfall levels 
representing the central and west region. These old rainfall records are only examined for 
the purpose of testing the hypothesis that sediment yield is overestimated due to excess 
annual rainfall. Taking into account the highly localized tropical storms, they may not 
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also be an accurate representation of rainfall levels in JW and AMK, which are small sub-
catchments. Therefore, the primary rainfall data collected in this study will be more 
accurate in representing rainfall levels in both catchments. It should also be highlighted 
that the derived annual sediment yield (289 tonnes/ km2/ yr for JW and 338 tonnes/ km2/ 
yr for AMK) is contributed from all surfaces (impervious and pervious cover). Therefore, 
with further analysis, pervious cover sediment yield in JW and AMK are 1174 tonnes/ 
km2/ yr and 296 tonnes/ km2/ yr respectively. The impervious cover yield in JW and 
AMK are 224 tonnes/ km2/ yr and 197 tonnes/ km2/ yr respectively. Results show that the 
pervious cover sediment yield is 1.5 – 5 times higher than the sediment yield from 
impervious cover in both catchments. It is clearly seen that pervious cover in both 
catchments has generated high sediment yield, particularly in the JW catchment whereby 
sediment yield exceed 1000 tonnes/ km2 and is 4 times higher than pervious cover 
sediment yield in AMK. In addition, even though AMK’s pervious cover sediment yield 
is 4 times lower than JW’s, it still has a higher sediment yield than JW’s impervious 
cover of 224 tonnes/ km2/ yr.  
    High sediment yield from JW’s pervious cover could be explained by 
numerous bare soil surfaces in JW (see Figure 5.3) which is believed to have also 
contributed to various sediment hysteresis patterns in JW (refer to Chapter 7). Photo 
evidences (see Plates 6.1 – 6.4) have shown the commonly observed sediment erosion 
and delivery from pervious cover under tropical storms in JW and AMK, particularly 
bare soil surfaces in JW.  Sediment contribution from pervious cover has been 
highlighted by Chatterjea (1998) and Lu et al. (2005). Lu et al. (2005) showed evidence 
of large sheet flow over grassed-covered surfaces in Singapore’s compacted urban soils.  
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Chatterjea (1998) demonstrated that slower runoff rates and sediment generation in grass-
covered plots compared to bare surfaces plot. However, sediments are still being washed 
off from the grass-covered plot when Saturation Overland Flow (SOF) begins. It is due to 
the characteristics of tropical storm events and poor infiltration properties of urban soils 
that SOF will be easily generated. However, the presence of grass cover could reduce 
sediment concentrations by at least 10 times than bare soil surfaces. Although AMK’s 
pervious surface may not be as damaged as the bare soil surfaces at JW its grassed 
pervious cover is also a contributor to its high sediment yield result. This is explained by 
a higher sediment yield from pervious cover than impervious cover sediment yield in JW. 
There is also evidence to show that pervious cover in AMK is also a contributor of 
sediments. 
Firstly, Figure 4.10 has shown that JW and AMK’s soils are highly compacted 
and have low infiltration rates. This would easily generate SOF or Hortonian Overland 
Flow (HOF), thereby leading to sediment erosion and delivery. Secondly, an examination 
of pervious runoff events in AMK (refer to Chapter 5) may conclusively prove that its 
pervious cover is also a main contributor of sediments during storm events. The directly 
connected impervious areas (DCIA) fraction is derived from 9 mm and less storm events. 
This means in storm magnitudes of 9.2 mm onwards, runoff extends beyond all DCIA, 
covering the entire catchment surfaces. Considering the poor infiltration properties of 
AMK’s urban soil (see Figure 4.10), there is the possibility of pervious runoff generation 
when the storm magnitude exceeds 9 mm. It is also found that 50% of AMK storms 
recorded 9 mm and above. In addition, results have also shown that 42% of AMK’s 
storms had actually generated pervious runoffs. During these pervious runoff processes, it 
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is possible that soil erosion occurred and contributed to sediment delivery during storm 
events. Thus, it can be seen that grassed-covered pervious cover in AMK does not 
generate as high sediment yield than JW’s pervious cover (grassed and bare soil 
surfaces). However, its pervious cover’s annual sediment yield is higher than the annual 
sediment yield generated by the impervious cover in JW. This is a problem that requires 
close examination. 
A comparison is made against other temperate urban catchments studied by 
Walling (1983) in Table 8.6, small residential and commercial land use catchments in 
Wisconsin, by Novotny and Chesters (1989) in Table 8.7 and other small tropical urban 
and rainforest catchments in Malaysia and Indonesia (see Table 8.8).  It can be seen that 
JW and AMK have lower suspended sediment yields than Hocking River, Plum Creek 
and Brownell catchments in USA. Compared to Walling (1977) and Nelson and Booth 
(2002), JW and AMK, being small-sized urban catchments, are generating higher 
suspended sediment yield than those larger-sized catchments. Also, comparing with 
Novotny and Chesters (1989), JW and AMK residential areas have higher suspended 
sediment yields. When compared against the small tropical rainforest catchments in 
Malaysia, JW and AMK clearly showed that the effect of urbanization in small 
catchments results in higher annual suspended sediment yields. It is only in zoo Negara, 
Upper Kelang, and especially Jinjang (a barren ex-mining land) that higher suspended 
sediment yields obtained compared to JW and AMK. The comparison against disturbed 
forest catchments (with logging activities) in Indonesia also highlighted the undesirable 
impact of logging in forested catchments. The annual suspended sediment yield is 4 – 15 
times higher than JW. The annual suspended sediment yields of these highly disturbed 
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forest catchments have exceeded more than 1000 t/km2/yr, and 10000 t/km2/yr as seen in 
Cilutung, Cikeruh and Upper Solo forest catchments (see Table 8.8). 
Table 8.6: Comparison of the suspended sediment yields of Jurong West and Ang Mo 
Kio against past studies. 





Jurong West 0.68 289 Present study 
Ang Mo Kio 0.35 338 
River Creedy (England) 258 80 - 130 Walling  (1977a) 




2.66 467 Walling (1983) 
Plum Creek subwatershed 
(USA) 
1.8 1250 Walling (1983) 
Brownell Creek 
subwatershed (USA) 
0.32 976 Walling (1983) 
Kiowa Creek 
subwatershed (USA) 
2.56 200 Walling (1983) 
  




Table 8.7: Comparison of the suspended sediment yields of Jurong West and Ang Mo 
Kio against residential and commercial land use catchments. 









0.68 84 289 Present study 
Ang Mo Kio 
(residential) 
0.35 60 338  
Residential I 0.15 57 49.55 Novotny and 
Chesters 
(1989) 
Residential II 0.25 51 24.27 
Residential III 0.13 50 16.22 
Residential IV 5.22 47 77.90 
Commercial I 0.12 77 72.81 
Commercial II 0.17 81 121.34 





Table 8.8: Comparison of the suspended sediment yields of Jurong West and Ang Mo 
Kio against small tropical catchments (urban and rainforest) in Malaysia and disturbed 
forest in Indonesia. 





Jurong West 0.68 289 Present study 
Ang Mo Kio 0.35 338 
Sg. Telom, Cameron 
Highlands, forested  
77 53 Shallow (1956) cited in 
Douglas and Guyot (2005) 
Sg. Mupor, Johor, 
forested 
21.8 41 Leigh (1973) cited in Douglas 
and Guyot (2005) 
Sg. Gombak, 
Selangor, forested 
140.0 97 Douglas et al. (1975) cited in 
Douglas and Guyot (2005) 
Sg. Kalangan, Mt 
Kinabalu, Sabah, 
forested 
2.5 15 Sinun and Douglas, (1997) 
cited in Douglas and Guyot 
(2005) 
W8S5, Ulu Segama, 
Sabah, forested 
1.1 312 Douglas et al. (1992) cited in 
Douglas and Guyot (2005) 
Jinjang (Kuching, 
Malaysia, ex-barren 
mining land)  
 











Malaysia, mixture or 
urban and forested 
land use 
380 806 
Keroh, Batu, Malaysia 35.9 1759 Loebis and Taryana (1988) 























The comparison with the other tropical rainforests and urban catchments has 
clearly demonstrated that JW and AMK as urbanized catchments generated higher 
suspended sediment yield than a forested catchment (see Table 8.8). The Upper Kelang 
catchment which is a mixture of both urban and forest land use generated 2 – 5 times 
higher annual suspended sediment yield than other small rainforest catchments in 
Malaysia (Balamurugan 1991). Moreover, the forested catchments which have been 
heavily disturbed by logging activities (e.g Indonesia) will certainly lead to extremely 
high levels of suspended sediment yield as compared to an urbanized catchments. 
A higher suspended sediment yield in both residential catchments also warrants 
the inherent nature of residential land use as a strong generator of suspended sediments. 
Residential land use has higher population density, as compared to other land uses (e.g. 
agricultural and commercial). Comparison against Novotny and Chesters (1989) (see 
Table 8.7) further affirmed that a higher percentage of impervious surfaces is associated 
with higher density housing areas would have a higher annual suspended sediment yield. 
This is easily identifiable with JW catchment which has the highest impervious cover as 
well as sediment yield when compared to Novotny and Chesters (1989). A similar 
conclusion was also made by Jun and Ki (2000) who observed that high-density 
residential catchments generate higher SSCs than low-density residential and high-
density commercial land use.  
It is once again important to highlight the role of pervious cover in sediment 
contribution in this study. AMK does not have higher impervious cover than Residential 
I, Commercial I and II but has 3 – 7 times higher sediment yield than these non-tropical 
catchments. This shows that pervious cover under tropical storm conditions would lead to 
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enhanced soil erosion and delivery, a soil management problem that needs to be 
addressed.  
8.5 Conclusion and evaluation of applicability of rating curve 
 
This chapter investigates the potential of sample-based suspended sediment rating 
curves and event-based suspended sediment rating curves in urban catchments. Primary 
SSCs from 2 experimental small urban residential catchments in Singapore were 
differentiated using double correction methods on the basis of seasonal, rising and falling 
hydrograph stages, and construction and non-construction periods. Under the first tier 
differentiation, JW and AMK sediment load prediction was underestimated by errors 
ranging 24% to 57% and 22% to 70% respectively.  When this first tier data was further 
differentiated, sediment load prediction improved from the first stage correction method 
with errors ranging +34% to -53% and +4% to -59%. After data was differentiated twice, 
there were improvements in both R2 and sediment load estimation from rating curves – 
the falling stage during construction, the falling stage during non-construction periods, 
non-construction during wet period in JW, and the falling stage during wet period in 
AMK are the best form of differentiated rating curves. When compared against 
undifferentiated rating curves, 83% and 75% of second tier differentiated rating curves 
showed greater improvement in sediment load estimation. This shows that the double 
correction method is able to achieve a more accurate sediment rating curve than a 
singular correction one. 
The problem of data outliers within rating curve plots has not been totally 
eliminated despite correction methods. However, improvements in the R2 values in each 
rating curve have been achieved after a correction method was applied; and further 
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improvements are seen especially after the double correction has been applied. This 
suggests that appropriate correction criterions have been applied. An improvement in the 
R2 value does not always guarantee an improvement in sediment load prediction. This is 
evidenced by only 50% and 33% of all differentiated rating curves showing both 
improvement in sediment load and R2 values. Such diverging outcomes of sediment load 
and the coefficient of determination values, together with relatively large appreciable 
sediment load prediction errors have been cited in the past literature and is seen as a 
problem inherent in rating curve regression analysis and its application. 
Similar correction method of separating data into construction and non-
construction periods and wet and dry periods in event-based sediment rating curve have 
been applied to estimate sediment loads in the 2 catchments. The coefficient of 
determination and error in sediment load prediction has shown improvements after the 
data was separated. Monthly sediment load was calculated and JW recorded an annual 
suspended sediment load and sediment yield that was higher than AMK’s. Annual 
suspended sediment yield for JW and AMK is 289 and 338 tonnes/ km2/ yr respectively. 
The sediment yield of both catchments is lower than USA urban studies but higher than 
non-urban watersheds. A comparison with other small undisturbed forest catchments in 
Malaysia revealed higher suspended sediment yields in JW and AMK. On the other hand, 
heavily disturbed forested catchments (from logging activities) in Indonesia have shown 
extremely high suspended sediment yield compared to JW and AMK. It is believed that 
the suspended sediment yield of JW and AMK are higher than past local studies which 
investigated mixed land use catchments, as well as low and medium-density residential 
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catchments. These results have further affirmed that high-density urban residential 
catchments are strong contributors of sediment during storm events. 
The sediment yield results might be overestimated due to excess rainfall (22 – 
28%) from past rainfall records in JW and AMK (refer to Section 3.4). However, 
sediment yield still exceeds 200 tonnes/ km2/ yr, which is significantly high. Translating 
the sediment yield from the entire catchment into sediment yield contributed from 
impervious and pervious cover in JW and AMK. It was found that sediment yield from 
JW’s pervious cover is higher than AMK’s pervious cover. Sediment yield by JW and 
AMK pervious cover is 1174 and 296 tonnes/ km2/ yr respectively. Sediment yield by JW 
and AMK impervious cover is 224 and 197 tonnes/ km2/ yr respectively. These results 
also clearly showed sediment yield from AMK’s pervious cover is higher than JW’s 
impervious cover. This clearly demonstrates that the sediment yields contributed from 
pervious in both catchments are high. This is especially with the bare soil surface in JW.  
The reduction in scattering reflected by the improvement in the R2 values suggests 
the application of these generic strategies in this study, especially the double correction 
method which is also relevant for other catchments in Singapore. As urban sediment 
delivery is often affected by construction activities, there is a need to be wary of such 
factor and adopt data separation on this basis. Other criteria like hydrograph stages and 
seasonal periods are equally appropriate as correction methods. Periods of higher rainfall 
would have higher runoff volumes that would be able to mobilize sediments easily. 
Sediment flushing is often associated with the rising hydrograph limb and most 
importantly data should be differentiated into rising and falling stages to avoid a large 
degree of scattering on rating curve plots.   
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In order to achieve greater accuracy in sediment prediction, double correction can 
be employed.  Errors in estimation are part of suspended sediment rating curves, but a 
researcher is required to know and apply strategic corrective actions to minimize these 
errors. Ways to achieve this is to be mindful of the various catchments’ possible sources 
(e.g. construction activities or land slides triggered during wet periods). A large pool of 
direct SSCs or reliable turbidity measurements with discharge should also be available to 
ensure sufficient sample size even after 2 or more correction steps have been taken. Other 
forms of differentiation techniques such as event-based one can be explored but the 
difficulty of obtaining continuous and sufficiently large storm samples will be a 
challenge. 
The adoption of similar correction strategies does not mean similar rating curves 
can be used among different catchments. Despite similar climatic conditions, land cover 
and catchment size differences have rendered JW and AMK to different degrees of 
sediment load errors. Thus, one should also consider these 2 factors before one’s 
catchment rating curve is being applied to another. In Singapore, even though public 
housing estates are maintained by the government, the catchment size and the degree of 
impervious and pervious cover could still vary. 
The applicability of rating curves using similar strategies in other tropical 
countries is a possibility. Countries such as Thailand and Vietnam which experienced 
annual seasonal changes in rainfall could apply the seasonal correction method. Constant 
development in other cities within Southeast Asia countries would also require a 
correction method using construction as criteria. There are more challenges ahead. For 
instance, less effective drainage infrastructure will lead to frequent flooding, thereby 
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creating difficulties in delineating clear catchment boundaries. Hydrological boundaries 
will overlap which will disallow proper correction methods to be devised. For instance, 
SSCs could still be high in both the rising and falling stages due to sediment contribution 
from neighbourings catchments during floods. The lack of strict legislative laws against 
the sediment discharge from construction sites (e.g. Kuala Lumpur as cited by 
Balamurugan 1991) and the domestic dumping of wastes in urban rivers (e.g Vietnam 
cited by Duc et al. 2007) will lead to more scattering of data points even though the 
correction method of rising and falling stage has been applied.  
Higher pervious sediment yield in JW and AMK has pinpointed pervious cover as 
potential sediment source, especially bare soil surface in JW. Sediment is easily eroded 
under tropical storms conditions. The role of pervious cover has already been discussed 
in Chapter 6 for JW whereby bare soil surfaces are believed to be contributors of 
sediment throughout storm periods that will lead to various hysteresis patterns. This 
chapter has again emphasized the poor physical properties of urban soil which 
contributed to soil erosion and elevated sediment concentrations in stormwater. It should 
be brought to the attention of the government that greenery within the urban catchments 
is also a potential threat to waterway quality. The sediments generated from the pervious 
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Suspended Sediment Concentration - Discharge Rating 
Relationship during rising stage (JW)
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Undifferentiated sediment rating curve in Jurong West. Sediment rating curve separated into the rising stage in Jurong 
West. 
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Sediment rating curve separated into the falling stage in Jurong 
West. 




Continued from Appendix 8A 
Suspended Sediment Concentration - Discharge Rating 
Relationship during non-construction months (JW)
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Sediment rating curve separated into the non-construction period 
in Jurong West. 
Sediment rating curve separated into the wet period in Jurong 
West. 
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Relationship during rising stage in construction months 
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Sediment rating curve separated into the dry period in Jurong 
West. 
 
Sediment rating curve separated into the construction rising stage 
in Jurong West. 
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Continued from Appendix 8A 
Suspended Sediment Concentration - Discharge Rating 
Relationship during falling stage in construction months 
(JW)
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Sediment rating curve separated into the construction falling stage 
in Jurong West. 
Sediment rating curve separated into the non-construction rising 
stage in Jurong West. 
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Suspended Sediment Concentration - Discharge Rating 
Relationship during rising stage in wet months (JW)
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Sediment rating curve separated into the non-construction falling 
stage in Jurong West. 




Continued from Appendix 8A 
Suspended Sediment Concentration - Discharge Rating 
Relationship during falling stage in wet months (JW)
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Suspended Sediment Concentration - Discharge Rating 
Relationship during rising stage in dry months (JW)
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Sediment rating curve separated into the wet falling stage in 
Jurong West. 




Suspended Sediment Concentration - Discharge Rating 
Relationship during falling stage in dry months (JW)
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Suspended Sediment Concentration - Discharge Rating 
Relationship during wet construction months (JW)
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Sediment rating curve separated into the dry falling stage in 
Jurong West. 
Sediment rating curve separated into the wet construction period 





Continued from Appendix 8A 
Suspended Sediment Concentration - Discharge Rating 
Relationship during dry construction months (JW)
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Suspended Sediment Concentration - Discharge Rating 
Relationship during dry non-construction months (JW)
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Sediment rating curve separated into the dry construction period 
in Jurong West. 
Sediment rating curve separated into the dry non-construction 
period in Jurong West. 
 
Suspended Sediment Concentration - Discharge Rating 
Relationship during wet non-construction months (JW)
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Sediment rating curve separated into the wet non-construction 
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Suspended Sediment Concentration - Discharge Rating 
Relationship during rising stage (AMK)
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Undifferentiated sediment rating curve in Ang Mo Kio. Sediment rating curve separated into the rising stage in Ang Mo 
Kio. 
Suspended Sediment Concentration - Discharge Rating 
Relationship during falling stage (AMK)
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Sediment rating curve separated into the falling stage in Ang Mo 
Kio. 
Sediment rating curve separated into the construction period in 
Ang Mo Kio. 
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Continued from Appendix 8B 
Suspended Sediment Concentration - Discharge Rating 
Relationship during non-construction months (AMK)
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Suspended Sediment Concentration - Discharge Rating 
Relationship during wet months (AMK)
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Sediment rating curve separated into the non-construction period 
in Ang Mo Kio. 
Sediment rating curve separated into the wet period in Ang Mo 
Kio. 
 
Suspended Sediment Concentration - Discharge Rating 
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Suspended Sediment Concentration - Discharge Rating 
Relationship during rising stage in construction months 
(AMK)
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Sediment rating curve separated into the dry period in Ang Mo 
Kio. 
Sediment rating curve separated into the construction rising stage 
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Suspended Sediment Concentration - Discharge Rating 
Relationship during falling stage in construction months 
(AMK)
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Suspended Sediment Concentration - Discharge Rating 
Relationship during rising stage in non-construction 
months (AMK)
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Sediment rating curve separated into the construction falling stage 
in Ang Mo Kio. 
Sediment rating curve separated into the non-construction rising 
stage in Ang Mo Kio. 
 
Suspended Sediment Concentration - Discharge Rating 
Relationship during falling stage in non-construction 
months (AMK)
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Suspended Sediment Concentration - Discharge Rating 
Relationship during rising stage in wet months (AMK)
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Sediment rating curve separated into the non-construction falling 
stage in Ang Mo Kio. 





Continued from Appendix 8B 
Suspended Sediment Concentration - Discharge Rating 
Relationship during falling stage in wet months (AMK)
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Suspended Sediment Concentration - Discharge Rating 
Relationship during rising stage in dry months (AMK)
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Sediment rating curve separated into the wet falling stage in Ang 
Mo Kio. 
Sediment rating curve separated into the dry rising stage in Ang 
Mo Kio. 
 
Suspended Sediment Concentration - Discharge Rating 
Relationship during falling stage in dry months (AMK)
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Suspended Sediment Concentration - Discharge Rating 
Relationship during wet non-construction months (AMK)
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Sediment rating curve separated into the dry falling stage in Ang 
Mo Kio. 
Sediment rating curve separated into the wet non-construction 
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Suspended Sediment Concentration - Discharge Rating 
Relationship during dry non-construction months (AMK)
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Suspended Sediment Concentration - Discharge Rating 
Relationship during wet construction months (AMK)
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Sediment rating curve separated into the dry non-construction 
period in Ang Mo Kio. 
Sediment rating curve separated into the wet construction period 
in Ang Mo Kio. 
 
Suspended Sediment Concentration - Discharge Rating 
Relationship during dry construction months (AMK)
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Sediment rating curve separated into the dry construction period 









This study provides an understanding of dissolved organic carbon (DOC) levels in 
stormwater in 2 small urban residential catchments in Singapore – Jurong West (JW) and Ang 
Mo Kio (AMK). DOC levels are observed against discharge levels as well as suspended sediment 
concentrations (SSCs) during storm events. The findings reveal that the concentration of DOC is 
at its maximum before peak discharge and decrease upon rising discharge levels, reflecting 
dilution effects. Subsequently, this produces clockwise and clockwise-loop hysteresis discharge 
patterns. DOC in relation to SSCs shows both clockwise and anti-clockwise hysteresis. This 
exemplifies both exhaustion effects and small rises in DOC during storms. Increasing DOC levels 
are not seen as the number of antecedent dry days (Api) increases. DOC levels reflect the highest 
level after 3 - 4 (Ap3 – Ap4) antecedent dry days, as compared to Ap5 – Ap10. 
JW exhibited higher DOC levels (0.91 – 35.28 mg/L) than AMK (1.10 – 24.31 mg/L). 
Annual DOC yield in JW was 101.19 kg/ ha/ yr which is also higher than that of AMK (61.27 
kg/ha). These results indicate the role of impervious surfaces, particularly transport-related 
surfaces in generating high DOC levels. There should be more efforts on improving permeability, 
more efficient sediment clearing from roads and public education to reduce domestic litter. The 
results of DOC flux and yield have also been shown to be comparable to natural ecosystems, 
which further emphasize the role of small urban catchments as significant contributors in the 
global carbon cycle.  
 
Keywords: Dissolved organic carbon, Dissolved organic carbon yield, Dissolved organic 






Terrestrial carbon transportation in streams is a vital link within the global carbon 
cycle. Carbon is mainly transported via hydrological processes in three forms: (i) as 
dissolved organic carbon (DOC); (ii) as particulate organic carbon (POC) and (iii) as 
particulate inorganic carbon (PIC) (Balakrishna 2006). Organic carbon, in addition to 
nitrogen and phosphorus, is one of the important inputs leading to eutrophication in 
water-bodies (Degans et al, 1991 and Correll 1998). The organic carbon pool determines 
the demand and availability of dissolved oxygen in the streams. DOC in particular, plays 
a dominant role in the “energetics of the stream ecosystem” (Tate and Meyer 1983). This 
is further argued by Wetzel and Manny (1977, cited in Tate and Meyer 1983) where DOC 
was found to comprise 75% of all carbon transported in Augusta Creek, Michigan. This 
shows that DOC is in fact the most active form of carbon to be transported during storm 
events. Excessive carbon loading in streams will have ecological implications for the 
stream ecosystem. (Hope et al. 1994; and Westerhoff and Anning 2000).  For example, 
DOC absorbs and reacts with solar energy, complexes metals and supplies a source of 
energy for micro-organisms in streams. This process plays a major role in the 
transportion and bioavailability of metals and hydrocarbons through chemical reactions. 
  Therefore, in the assessment of carbon levels in water, the measurement of DOC 
is often carried out because DOC is also an important indicator of water quality in terms 
of both surface and drinking water. The distinction between DOC and POC is generally 
made on the basis of whether or not it passes through a 0.45 – 0.50 µm filter (Thurman 
1985). Katsoyiannis and Samara (2007) similarly argued that DOC should be used as a 
reference to the fraction of organics that passes through a 0.45 µm pore size membrane. 
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DOC, also known as total organic carbon (TOC) provides an indication of the total 
organic matter concentration (TOMC) which can be the cause of adverse taste, odor and 
unaesthetic colouring of drinking water (Volk et al, 2002). DOC contains aquatic humic 
substances, hydrophobic bases, and hydrophilic neutrals which when measured against 
portable water standards, are harmful substances (Katsoyiannis and Samara 2007). It is 
also a precursor of carcinogenic disinfection by-products, such as trihalomethane, which 
are detrimental to human health at high levels (Henson et al. 2007). 
 High levels of DOC levels in aquatic systems can still be detected even after 
wastewater is being treated.  This is shown by Katsoyiannis and Samara (2007) who have 
conducted a study of the removal of DOC during wastewater treatment. They found that 
only 69% of total DOC is removed after overall treatment. This is because a considerable 
part of DOC is non-biodegradable, and it may be released into the aquatic environment 
together with treated effluent. The presence of high DOC levels in wastewater is also 
troubling as it plays an important role in partitioning pollutants between dissolved and the 
sorbed phase of wastewaters. This not only inhibits the ability of wastewater treatment to 
remove toxic pollutants, but also facilitates the discharge of those chemicals in the 
aquatic ecosystems together with the treated effluent.   
 In urban environments, DOC is responsible for the distribution of polycyclic 
aromatic hydrocarbons (PAHs) and heavy metals between aqueous and sediment-bound 
phases. These impacts are termed ‘solubility enhancement’ and ‘solids concentration 
effect’. Solubility enhancement is the reduction of the solid-solution partition coefficient 
which decreases the total sediment absorbed amount, thereby increasing the soluble 
fraction. The solids concentration effect is where the solid-solution partition coefficient 
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decreases as the ratio of sediment to water increases. Hence, organic matter in the 
sediment will dissolve into solution, bringing about the solubility enhancement effect 
described above (Warren et al, 2003).  
 Many natural factors, such as precipitation, temperature, soil type, and geology 
(Gregory and Walling 1973; McDowell and Wood 1984; and Dawson et al. 2002), and to  
lesser extent, anthropogenic factors, such as increasing urbanization, sewage discharge 
and commercial deforestation and afforestation (Tate and Meyer 1983; Characklis and 
Wiesner 1997; Daniel et al. 2002; Hatt et al. 2004; Hook and Yeakley 2005; Balakrishna 
et al. 2006; Duc et al. 2007; Henson et al. 2007 and Kayhanian et al. 2007), have been 
accredited with influencing the levels of DOC discharge in rivers.   
 Daniel et al.’s (2002) study of DOC levels in 10 streams within the Piracicaba 
River basin (12 400 km2), Brazil revealed a strong inverse correlation between DOC and 
dissolved oxygen (DO) levels. DOC is also strongly correlated with electrical 
conductivity (EC) levels. The presence of large volumes of untreated industrial and 
domestic wastes has led to low DO levels especially during low flows. Lower DOC 
levels are only observed under higher flow volumes as a result of dilution effects during 
storm events. The situation is astounding as the evidence shows less polluted streams 
with DOC levels measuring 8 – 9 mg/L compared to heavily polluted streams which can 
attain levels of about 100 mg/L.  
 Hook and Yeakley’s (2005) study in Portland, Oregon (USA) showed a 
significant increase in DOC during storm flows. The DOC’s median value of 2 mg/L 
during base flow rose to 3.46 mg/L during storm flows. Hatt et al. (2004) also showed a 
rise in DOC during storm events, which they related to the area of impervious surfaces 
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within the catchment. The degree of directly connected impervious areas (DCIA) exerts 
the most significant impact on DOC levels during storm events as compared to the total 
impervious area (TIA) in a catchment. As mentioned in Chapter 5, DCIA refers to the 
degree of impervious areas connected to the drainage network. There is a stronger 
correlation with DCIA because a higher DCIA would mean that more drainage pipes are 
built within a catchment. These drainage pipes would bypass subsurface water flow 
pathways, both in the riparian and non-riparian sections of basins. As such, the 
opportunity of riparian zones in influencing stream water quality is greatly reduced. 
 Anthropogenic activities such as vehicular traffic can also affect DOC levels. This 
is shown by Kayhanian et al.’s (2007) who observed that DOC levels ranged from 1.2 – 
483 mg/L in 34 highway sites in California. They distinguished the highways into urban 
and non-urban highways. The non-urban highways are characterized by lesser than 30000 
vehicles per day. In the urban highways, high-density traffic flow refers to more than 100 
000 vehicles per day and in low-density urban highways, vehicular traffic ranged from 30 
000 to 100000 vehicles per day. The results showed that DOC is 13.0 mg/L at non-urban 
highways while DOC is 23.4 mg/L at the high-density urban highways and low-density 
urban highways show DOC levels of 15.6 mg/L.   
 Balakrishna et al’s (2006) study of Godavari basin, India documented the impact 
of domestic sewage, washing and bathing ghats, industrial effluents and crematorium on 
DOC levels. DOC flux in Godavari River is estimated as 130 x 109 g/yr but is affected by 
the seasonal monsoon periods. DOC levels decrease as water discharge input from 
catchment and flood plains increase during the monsoon season. During the pre-monsoon 
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period, DOC levels increase by 1.6 – 2.3 times during low flows. This observation on the 
influence of low flow over DOC levels is echoed by Daniel et al. (2002).  
 Apart from the dilution effect of high discharge associated with low DOC during 
storm events, a positive correlation between the river discharge (Q) and DOC levels have 
been documented in other studies (e,g, Fisher and Likens 1972; Reid et al. 1981; Meyer 
and Tate 1983; McDowell and Likens 1988; Volk et al. 2002; Henson et al. 2007 and 
Park et al. 2007). This is commonly attributed to the flushing effect of leachates from 
organic material (especially dead leaves). This phenomenon has been documented in 
several studies conducted exclusively in temperate and boreal watersheds (Hope et al. 
1994).  
 Volk et al.’s (2002) study of the relationship between discharge levels and DOC 
levels in White River, Indiana produced contrasting findings to Daniel et al. (2002) and 
Balakrishna et al.’s (2006) works. DOC levels rose from 3.1 to 10.1 mg/L during higher 
runoff from increased precipitation. This is due to a return flow with high leachates 
concentrations from humic soils and dead tree leaves. The role in DOC contribution 
through leaching of dead leaves was also discussed by Meyer and Tate (1983) who 
studied DOC levels in 2 forested areas in Northern Carolina. One of them was 
undisturbed and the other was subjected to road building, commercial plantations and 
cattle grazing. DOC levels increased as much as 2 times during the growing season and 
1.5 times during the dormant season in the disturbed land because of increased 
availability of organic materials. This observation is supported with empirical evidence 




 When leaching takes place, leachates from organic matter decomposition will 
diffuse from soil profile to the stream channel and this will result in a marked increase in 
DOC levels in stream discharge. In addition, samples collected upstream of the 
undisturbed forest site showed lower DOC levels than downstream samples. During the 
wet periods, low DOC concentrations were observed in watersheds. Tate and Meyer 
(1983) attributed this to the washout of storage within the watershed. In other studies of 
forested catchments, similar observations were made by Kaplan et al. (1980) and Wallace 
et al. (1982). 
 Among natural sources, Henson et al. (2007) identified the river bed as a 
contributor of DOC as well, especially during pulse flows. Pulse flows are not a result of 
natural floods but are caused by dam release. There is no direct chemical or sediment 
contribution from the terrestrial landscape via runoff and thus the river bed load is one of 
the primary contributors of constituents determining water quality. For example, when 
water was released from Camanche Reservoir dam into Mokelumne River, California 
(USA), DOC concentrations increased from 0.5 to 3.6 mg/L. When flow levels were 
restored back to the receding stage, the concentrations fell within 1.3 to 2.0 mg/L limit. 
This recession concentrations of DOC are the same as DOC concentrations in the water 
released from the Camanche Reservoir. This proves that DOC input actually originated 
from the river bed. During the monsoon period in Korea, the Hwangryong River 
exhibited an increase in DOC concentrations from 0.1 to 2.9 mg/L in a mixed land use 
watershed (69% forest, 19% agriculture and 5% urbanized) (Park et al. 2007). Similar 
arguments have been made by Meyer and Tate (1983), Tate and Meyer (1983) and 
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Henson et al. (2007) who observed that higher flows produced a washout effect on DOC 
from riparian sources.   
 There is an apparent gap in DOC studies in the literature where both the urban 
and non-urban tropical environments are being neglected. Hope et al. (1994) conducted 
an overview of past carbon studies on sources and processes governing the movement of 
carbon in stream water in temperate vegetation. Surprisingly, no investigations have been 
carried out in the tropical regions. This is surprising as world forests have been the main 
target of emphasis by environmentalists for carbon sequestration in the combat against 
climate change. Yet forests in Brazil, Congo, Indonesia, and Malaysia that are rich in 
flora and fauna are under-researched, particularly with regards to their roles in carbon 
recycling. Given the lack of DOC studies in the tropical regions, it is hardly surprising 
that relatively little attention has been paid to urban areas in the tropics as well (Sutula et 
al. 2003; Worall and Burt 2004; and Hung and Huang 2005). This is perhaps alarming 
given that urban environments are also strong contributors of carbon levels. This is 
especially so when DOC is an important parameter in drinking water standards. 
 In this Chapter, Jurong West (JW) and Ang Mo Kio (AMK) catchments will be 
examined for DOC levels in storm water during storm events. The study of DOC will not 
only help in the understanding of the export of DOC from urban catchments but will also 
serve as a study on water quality in Singapore’s residential catchments. The lack of 
natural streams limits DOC’s likely sources to anthropogenic activities in both 
catchments. The literature has emphasized the impacts of urbanization on DOC (Daniel et 
al. 2002; Volk et al. 2002; Goonetilleke and Thomas 2003 and Warren et al. 2003). 
Monitoring the quality of stormwater will align this study with Singapore’s national 
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agenda of water resources preservation. Singapore relies greatly on the collection of 
storm runoff from local catchments and the recycling of wastewater (NEWater) to meet 
the nation’s water needs. This makes it even more pertinent to investigate the levels of 
DOC in storm runoff.  
 A contribution of this study is the inclusion of DOC as part of previous local 
studies water quality parameters (Ee 2000; Lee 2001 and Lim 2003). Ee (2000) revealed 
enrichment in copper, lead and zinc concentrations at the Lower Pierce Reservoir which 
is a depositional point for urban catchments. Lee (2001) compared a variety of 
parameters such as sediments volume, pH, temperature and chemical properties of 
stormwater between a rural (MacRitchie) and an urban (Bedok) catchment. Lim (2003) 
conducted a study on suspended sediment, nutrient and inorganic variables in 
Queenstown, which is a small mixed land use urban catchment.  
 Using insights gained from literature, a few working hypotheses were established. 
It is hypothesized that DOC levels will rise from baseflow levels to storm flow levels. 
This is due to the fact that both sites are high density residential catchments with highly 
impervious surfaces (Volk et al. 2002; Warren et al. 2003; Hatt et al. 2004 and Hook and 
Yeakley 2005) and earlier chapters have indicated the presence of the flushing effect of 
pollutants during storm events. It has also been shown that different urban land covers 
would influence DOC levels (Correll et al. 2001; Hatt et al. 2004 and Kayhanian et al. 
2007). Based on these information, it is also hypothesized that DOC levels will be higher 




 DOC levels will be compared against SSC levels. Goonetilleke and Thomas 
(2003) have mentioned that sediments act as excellent substrates for organic carbon. 
Thus, DOC concentrations may be strongly correlated with suspended sediment 
concentrations (SSCs). Chapters 6 and 7 have shown that the majority of SSCs hysteresis 
patterns are clockwise, indicating a strong first-flush phenomenon before peak discharge. 
It is likely that DOC would follow a similar pattern.  
 Finally, it is also hypothesized that the DOC levels will be lower than other urban 
studies (Daniel et al. 2002, Balakrishna et al. 2006 and Duc et al. 2007) as Singapore’s 
drainage is designed as non-combined sewer systems, and does not exhibit traditional 
human activities of washing or bathing besides river sources that will lead to domestic 
wastes entering waterways. The objectives of this chapter are:  
1. to investigate DOC levels during storm events, 
2. to examine the relations between DOC levels and discharge levels and SSCs 
during storm events, 
3. to analyze the influence of antecedent dry period (Api) on DOC levels during rain 
events, 
4. to investigate DOC load and flux exported during storm events, and  
5. to examine the various factors that would affect DOC levels in these two small 









9.2 Dissolved organic carbon concentrations 
  
DOC levels observed in the 2 catchments are summarized in Table 9.1. Based on 
the 90th percentile values, JW and AMK showed 5.2 and 5.4 times increase in DOC 
levels during storm events respectively. DOC levels during the rising (90th percentile) and 
receding limb (10th percentile) are 6.4 and 4.8 times higher in JW and AMK respectively. 
The results that are summarized in Table 9.1 are presented in diagrammatic form (see 
Figure 9.1). A much smaller range (3 – 9 mg/L) is seen between the 10th and 75th 
percentile values but a large third inter-quartile value exists between the 75th and 
maximum value. A list of past literature on DOC is reflected in Table 9.2 to compare 
against the results of this study.  
Table 9.1: Dissolved organic carbon levels in Jurong West and Ang Mo Kio. 
 Jurong West Ang Mo Kio 
Sample (n) 432 432 
DOC baseflow levels (mg/L) 2.75 1.83 
Minimum DOC level (mg/L) 0.91 1.10 
Maximum DOC level (mg/L) 35.28  24.31  
10 percentile (mg/L) 2.22 2.04 
25 percentile (mg/L) 3.40 2.87 
50 percentile (mg/L) 4.87 4.35 
75 percentile (mg/L) 9.53 7.75 





























Figure 9.1: Quantile values of dissolved organic carbon levels in Jurong West and Ang Mo Kio. 
There is a low inter-quartile range as shown in the figure. However, a large difference exists 
between the highest and 75th percentile value. This indicates the presence of random storm events 
contributing to such high dissolved organic carbon levels. 
 
Table 9.2: Dissolved organic carbon levels recorded in past studies. 
Catchment Land use DOC level (mg/L) Reference 
Coweeta, North 
Carolina 




Clear cut forest 0.769 Meyer and Tate 
(1983) 
Godavari Large river 1.24 Balakrishna et al. 
(2006) 
Yellow River Large river 3.90 Ludwig et al. (1996) 
Indus River Large river 14.4 Ludwig et al. (1996) 
Changjiang River Large river 12.3 Ludwig et al. (1996) 
Rioni River system 1.10 Ludwig et al. (1996) 
Rhone River system 1.70 Ludwig et al. (1996) 
White River Agricultural 11.90 Volk et al. (2002) 
Piracicaba River Urban catchment 1.6 – 9.6 
6.1 – 91.6 
Daniel et al. (2002) 
Mokelumne River Mixed land use 0.5 – 3.6 Henson et al. (2007) 
Hwangryong River Forest (69%) 
Agriculture (19%) 
Urban areas (5%) 
0.1 to 2.9 mg/L Park et al. (2007) 
California Highways 1.2 - 483  
Mean: 18.7  
Median: 13.1  
Kayhanian et al. 
(2007) 
Nhue River, Hanoi 
(Vietnam) 
Urban river 0.55 – 15  
Mean: 2.12 – 7.25  




The results clearly show clearly the impact of urbanization on DOC levels as the 
10th percentile DOC levels measured in this study are higher than those taken from 
natural systems (Meyer and Tate 1983; Ludwig et al. 1996; Volk et al. 2002; Henson et 
al. 2007 and Park et al. 2007). The highest values obtained in JW and AMK also 
exceeded those listed in published studies with the exception of Daniel et al (2002) and 
Kayhanian et al. (2007), which showed extremely high DOC levels of 483 mg/L 
generated at highways. The highest recorded DOC levels of 35.28 and 24.31 mg/L at JW 
and AMK may be considered random rare events. This is reflected in the large third 
quartile range (see Figure 9.1). A large difference in concentration also exists between 
the highest DOC level and the 90th percentile DOC level.  Therefore, the highest DOC 
levels in both catchments may not be a true representation of high DOC levels in 
stormwater due to their rare occurrence during the sampling period. Assuming the values 
at the 75th percentile and below are more representative of JW and AMK’s DOC levels, 
comparisons against published studies (Daniel et al. 2002; Kayhanian et al. 2007 and 
Duc et al. 2007) will prove that DOC levels in JW and AMK are in fact lower. Their 
DOC levels (3.7 – 22 mg/L) are similar to treated wastewaters as reported in other studies 
(Ueda and Hata 1999, and Escalas et al. 2003). 
                  Higher DOC levels in JW also highlight the influence of imperviousness, 
catchment size and transportation-related surfaces on DOC levels. The impact of 
imperviousness on DOC levels has been demonstrated in past studies (Tate and Meyer 
1983; Characklis and Wiesner 1997; Daniel et al. 2002; Hatt et al. 2004; Hook and 
Yeakley 2005; Balakrishna et al. 2006; Duc et al. 2007; Henson et al. 2007 and 
Kayhanian et al. 2007). Hatt et al’s (2004) study of 15 small catchments in Melbourne 
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concluded that imperviousness is only second to DCIA as the factor with the greatest 
impact on DOC concentrations in urban environments. Therefore, JW being a larger 
catchment with a bigger impervious cover would generate higher DOC levels than AMK. 
                In Chapter 2, it has been shown that besides buildings which occupy the largest 
percentage of impervious surfaces, the transportation network (roads) is the next largest 
impervious component in JW (see Figure 2.3). Sartor and Boyd (1972), Roger et al. 
(1998) and Kayhanian et al. (2007) have shown that vehicular traffic is capable of 
generating high organic matter that could lead to high DOC levels in stormwater. Roads 
in JW and AMK constitute a large proportion of DCIA. This means that organic matter 
would be more easily transported into drainage channels during storm events.  
9.3 Relations with water discharge 
 
The plotting of DOC hysteresis patterns in relation to discharge indicates both the 
temporality and rate of exhaustion of DOC levels during storm events. The hystereses 
shown in Appendices 9A and 9B represent JW and AMK respectively. The results show 
that all hystereses are clockwise which reflect an early peak in DOC levels during the 
initial period of the storm events. This is often followed by an immediate drop in DOC 
levels as discharge levels increased (refer to Appendix 9A, 17/12/05 and 05/09/06 in JW 
and refer to Appendix 9B, 29/11/05 and 23/02/06 in AMK).  
However, it is necessary to highlight that there are also a handful of these 
clockwise hystereses which also momentarily increased in DOC levels, thereby creating 1 
or more small loops in the pattern. In this Chapter, they are described as clockwise-loop 
hysteresis (refer to Appendix 9A, 23/12/05 and 09/03/06 in JW and refer to Appendix 9B, 
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24/12/05 and 10/02/06 in AMK). Overall, (10 clockwise and 8 clockwise-loop 
hystereses) and (9 clockwise and 9 clockwise-loop hysteresis) were recorded in both JW 
and AMK respectively. A majority of DOC hysteresis loops show narrow hysteresis 
loops, with a few exceptions (refer to Appendix 9A, 17/12/05 and 23/12/05 in JW and 
refer to Appendix 9B, 29/11/05 and 10/12/05 in AMK). The narrow hysteresis loops 
imply a non-exhaustive depletion of DOC levels but results presented in Table 9.1 and 
Figure 9.1 show an exhaustive pattern.  
To explain this, an analysis of DOC levels during the receding discharge period is 
done. The levels at the 10th percentile value were almost similar to the baseflow levels. 
Moreover, the inter-quartile range of DOC levels in Figure 9.1 in both catchments 
showed small differences. Therefore, with this small range of difference between the 75th 
and 25th percentiles combined with a low median, it is unsurprising that hysteresis 
patterns comprised of narrow, rather than large open loops. They seemingly portray non-
exhaustive patterns in DOC levels during storm events but are in fact, occurrences of the 
exhaustion in DOC levels.    
The earlier peak of DOC concentration in comparison to peak discharge indicates 
a strong contribution of DOC coming from the extensive impervious areas (e.g. 
pavements, roads and buildings) and heavily compacted urban soil surfaces. Coupled 
with well-developed drainage network of concretized channels, these pervasive non-point 
sources can be argued as one of the primary sources of DOC loadings (Hatt et al. 2004). 
The rise of DOC levels upon the commencement of storm events from baseflow levels 
showed the impact of urbanization on DOC levels (Daniel et al. 2002; Volk et al. 2002; 
Goonetilleke and Thomas 2003; and Warren et al. 2003).  
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 After the initial rise in concentrations due to runoff from urban surfaces, 
DOC concentrations begin to drop (steep receding limb) as the discharge reached its 
peak. This is largely due to the dilution effect as the discharge increased during the storm 
event. This dilution effect has been reported by Daniel et al. (2002) and Balakrishna et al. 
(2006) whereby DOC levels drop when the discharge levels increase. However, in this 
case, dilution effect occurs after peak DOC as discharge levels approached the maximum 
discharge. 
9.3.1 Impact of large and small storm events 
 
The relationship between DOC with discharge is further analyzed with respect to 
large and small storm events. A large storm event with a peak discharge exceeding 2 
m3/sec is generally considered a large storm event. There are a total of 10 large events 
and 26 smaller storm events as shown in Appendices 9C and 9D respectively. The 
hysteresis of DOC with discharge already showed a depletion of DOC levels during the 
initial storm period. Appendices 9C and 9D, further highlight this case. The peak DOC 
levels generally represented the 90th percentile and above values presented in Table 9.1. 
As the storm event proceeds, DOC levels fell to the 50th to 75th percentile values (see 
Figure 9.1) before rising slightly again when the recession limb approached baseflow 
levels. This accounts for the small loops in the clockwise loop hysteresis. The recession 
limb is much dominated by a narrow range of the 25th percentile and below values.   
In Appendices 9C and 9D, the presence of multiple peaks storm events did not 
record significant changes in DOC levels during secondary discharge rises after the first 
peak discharge. Patterns of DOC levels appear to be the same in the single peak events. 
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The distinction between large and small storm events has shown further details of initial 
high values of DOC during storm events. In large events, peak DOC levels were found 
before the peak discharge and showed an immediate decrease in concentration levels. 
However, during smaller storm events, more temporal variations in DOC levels are seen. 
Peak DOC levels are seen either before or along with peak discharge. A later decrease in 
DOC levels showed both immediate and gradual decreases in DOC levels. It is also 
observed that there were more fluctuations in DOC levels in smaller storm events as the 
discharge recession limb approached baseflow levels. Larger storm events showed fewer 
fluctuations in DOC levels when approaching baseflow levels.  
 A greater dilution effect is experienced in larger storm events as compared to 
smaller storm events. This is seen in a steeper decrease in DOC levels in larger storm 
events, whereas smaller storm events portray both a gradual and occasional steep drop in 
DOC levels. Also, owing to higher discharge levels from larger storm events, variable 
changes in DOC input may have been masked, which led to fewer fluctuations in DOC 
levels as compared to smaller storm events. 
9.4 Relations with suspended sediment concentrations 
 
 In Appendices 9E and 9F, the DOC hysteresis patterns in relation to SSCs in JW 
and AMK showed high levels of DOC coinciding with high SSCs. The high SSCs occur 
mainly during the initial 15 – 20 minutes of the storm event as discussed in Chapters 6 
and 7 and the DOC levels followed in a similar fashion. The DOC levels then dropped, 
mirroring the decreasing SSCs, thereby showing a clockwise hysteresis pattern. There 
were occasions whereby DOC levels rose, despite a decreasing trend of SSCs, resulting 
in an anti-clockwise hysteresis pattern. In Appendix 9E, the results show an equal 
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number of clockwise and anti-clockwise hysteresis patterns in JW. Comparing these 
hysteretic patterns with the magnitude of storm events (large and small events) observed 
in Section 9.3.1, clockwise hystereses were seen in both large and small storm events in 
JW. The same observation was made for anti-clockwise hysteresis. However, in AMK 
(refer to Appendix 9F), clockwise hysteresis was commonly observed. There were only 3 
small storm events (01/12/05, 13/02/06 and 02/08/06) out of the 18 sampled events which 
showed anti-clockwise hysteresis. Wider hysteresis loops were also experienced in AMK. 
This indicates a quicker exhaustion in DOC levels as SSCs decrease in the catchment. 
However, in JW, irregularities in loop patterns indicated fluctuations in DOC levels 
against decreasing SSCs.  
 In Appendices 9G and 9H, the relationship of DOC with SSC is presented for JW 
and AMK respectively.  DOC was found to be positive in the beginning of storm events 
due to the flushing of sediments and pollutants from both catchments. This presents a 
DOC flushing effect at the start of a storm event which justifies the working hypothesis 
formulated in Section 9.1. The commonly observed clockwise hysteresis patterns show 
similar exhaustion effect as SSCs reported in Chapter 7.  
 The DOC-SSC relationship figures also reflected higher values of DOC during 
the initial high values of SSC. This may be due to the size of the sediment particles 
transported during the start of storm events as finer suspended sediment size (< 50 µm 
fraction) were strongly associated with higher levels of organic carbon than coarser 
particle sizes. A finer particle size has a greater surface area, therefore more organic 
carbon matter could attach themselves to it (Roger et al. 1998 and Sartor and Boyd 
1972). The first wave of runoff leading to the first-flush effect normally removes most of 
 350 
 
the finer sediment particles from impervious surfaces (e.g. pavements and roads). This 
will be followed by the removal of coarser sediment sizes since the increase in discharge 
levels makes it possible to mobilize these heavier materials (coarser sediment particles). 
Furthermore, organic matter has low structural strength and can easily be grounded into 
fine particulates easily. This makes it even simpler for organic matter to be transported 
during the initial runoff. Thus, in addition to the dilution effect explained in Section 
9.3.1, decreased in DOC concentration is also due to less organic matter being bound to 
coarser sediment as storm discharge levels increases. In addition, since DOC levels are 
related to the level of organic matter that is attached to the sediments transported, it 
explains why low DOC levels are observed at the end of storm events because of lower 
SSCs too.  
 The presence of anti-clockwise hysteresis indicates more DOC inputs during the 
later part of storm events and this behaviour is more commonly observed in JW, 
irregardless of large or small storm events. Once again, as mentioned earlier, JW was the 
more favourable catchment leading to larger pool of DOC sources than AMK. Therefore, 
more temporal increases of organic matter inputs during storm events are more likely to 
happen.   
 It is known that organic matter needs sediments and other urban materials (e.g. 
rubbish debris, tree branches and etc) as substrate to be transported. At the moment, this 
study is only able to monitor sediment delivery patterns during storm events. Thus, 
organic matter transported by sediments will be this study’s sole focus. To be able to 
understand how much DOC is being transported, it would depend on the availability and 
mobility of these sediments during storm events. In Chapter 7, it has already been shown 
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that sediment mobilization in AMK is supply-limited and transport-limited in JW. This 
shows that AMK has a more limited pool of sediments available that would invariably 
lead to limited amounts of DOC being transported. Furthermore, when sediments are 
available in large quantities in AMK – arising from construction activities – much coarser 
sediments are transported. This will have little effect on raising DOC levels. This is 
because less organic matter will be attached to coarser sediments, which has smaller 
surface areas. On the other hand, there are more sediment sources in JW. Besides 
construction sites, sediments are also contributed from impervious surfaces and bare soil 
surfaces (refer to Chapter 6). Thus, more varied smaller sediment particle size inputs 
from these sources are likely to lead to small momentarily increases in DOC levels during 
storm events. 
9.4.1 Antecedent dry period 
Since DOC levels follow closely to that of SSC’s during storm events, it may also 
be relevant to investigate the influence of antecedent dry days on DOC levels. Quantile 
results of DOC levels and antecedent dry days of JW and AMK are plotted as box plots 
in Figure 9.2. The highest value (35.28 mg/L) was recorded after 2 antecedent dry days 
(Ap2) in JW. In AMK, the highest value (24.31 mg/L) was recorded at Ap3. Lower 
values were seen in Ap5 – 8 but these values may not be an accurate representation of 
DOC after Ap5 – 8 because there was generally insufficient data to prove that DOC 
levels will be low after Ap5 – 8. There is a lack of data because Singapore experiences 
frequent tropical storms with antecedent dry period usually ranging from 3 – 5 days. 
However, during the drier months of the post Northeast (NE) monsoon period (e.g. 
February and March), the antecedent dry period may exceed 5 or even 15 days (refer to 
 352 
 
Chapter 3). Therefore, it would be difficult to obtain more data on DOC levels affected 
by Ap5 – 8 which requires a longer sampling period. 




















Figure 9.2: The relationship between the highest dissolved organic carbon levels with 
antecedent dry days (Api). Jurong West shows the highest DOC at Ap4 and Ang Mo Kio 
at Ap3. 
 
The highest DOC may be experienced at Ap2 but considering the large third 
quartile range, such high DOC may be treated as a random storm event that should not be 
considered significant in the dry antecedent period analysis. Instead, it might be more 
relevant to attribute high levels of DOC occurring at Ap3 and Ap4, given that the values 
are generally higher than other antecedent dry days.  
The analysis should be based on SSCs, rather than the decomposition rates of 
organic matter in both urban catchments. This is because there are no empirical data 
available to prove that Ap3 – 4 is the critical period whereby the highest DOC levels are 
regenerated from the breakdown of urban organic matter in the tropics. 
 Chapter 7 showed that the highest flushing magnitude of SSC was observed at 
Ap4 in both JW and AMK. This also refers to the highest availability of suspended 
sediment wash-off. The results in Figure 9.2 closely match the highest flushing 
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magnitude at Ap4 (refer to Chapter 7), therefore this may serve as evidence of the 
relationship between high DOC levels with the availability of sediments within the 
catchment. 
 Kim et al. (2006) showed mass accumulation of sediment build-up and wash-off 
on road surfaces to be highest within 1 – 10 dry days but decline by 79% in the 
subsequent 10 – 70 days period. Moreover, recent sediment particles that are deposited 
on ground surfaces would be more easily washed off compared to sediments that have 
been deposited for a long time. This is because recently deposited sediments are less 
firmly attached onto ground surfaces. Therefore, it may be possible that the highest 
sediment availability for wash-off might fall within 4 antecedent dry days.  
9.5 Dissolved organic carbon load and flux 
 
The method for DOC load estimation is similar to the sediment load estimation 
carried out in Chapter 8. It employs the use of the event-based DOC rating curve. Runoff 
depths from individual recorded storms for a year (February 2005 till January 2006) were 
tabulated based on Equations 8.1 and 8.2. In each of the 2 catchments, 18 storm events 
were sampled for DOC. The DOC loads (DOC concentrations multiplied by the 
discharge level) in these storm events were calculated and regressed with the discharge 
amounts. A rating curve relationship between storm discharge (m3) and DOC load (Kg) 
for each catchment was established (see Figures 9.3 and 9.4). The relationship is 
significant with R2 values of 0.6705 and 0.6977 in JW and AMK respectively at the 95% 
confidence level. These linear relationship rating curves have been applied and sediment 
loads were underestimated by 0.5% in JW and overestimated by 0.8% in AMK. 
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Alteratively, the calculation of DOC load through an event-based rating curve 
might also be realized by examining the relationship between sediment load and DOC 
load. This rating curve relationship between storm sediment load (Kg) and DOC load 
(Kg) for each catchment was established (see Figures 9.5 and 9.6). The relationship is 
insignificant with R2 values of 0.3317 and 0.1667 in JW and AMK respectively at the 
95% confidence level. These linear relationship rating curves were applied and sediment 
loads underestimated by 0.1% in both catchments. 
An examination of both types of event-based rating curves (discharge amount 
with DOC load and sediment load with DOC load) show the presence of some scattering 
of data from the fitted curve. With reference to the relationship between sediment load 
and DOC load rating curve, the data points are more scattered compared to the discharge 
amount rating curve. Therefore, an attempt to correct this scattering was carried out by 
separating storm events into wet and dry periods. Double correction is not applied as it 
would further reduce the sample size. The corrected rating curves according to wet and 
dry periods for discharge amount and the DOC load rating curve are presented in Figures 
9.7 and 9.8 for JW and AMK respectively. Figures 9.9 and 9.10 shows sediment load and 
DOC load rating curves for JW and AMK respectively. The coefficient of determination 




Relationship between discharge  and DOC load in 
Jurong West



















                          
Relationship between discharge  and DOC load in 
Ang Mo Kio





















Figure 9.3: Relationship between discharge load and dissolved organic 
carbon load in Jurong West. R2 = 0.6705. 
Figure 9.4: Relationship between discharge load and dissolved organic 
carbon load load in Ang Mo Kio. R2 = 0.6977. 
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Figure 9.5: Relationship between sediment load and dissolved organic 
carbon load load in Jurong West. R2 = 0.3117. 
Figure 9.6: Relationship between sediment load and dissolved organic 
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Figure 9.7: Relationship between discharge amount and dissolved 
organic carbon load in Jurong West during wet and dry periods. 
Figure 9.8: Relationship between discharge amount and dissolved 
organic carbon load in Ang Mo Kio during wet and dry periods.  
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Figure 9.9: Relationship between sediment load and dissolved organic 
carbon load in Jurong West during wet and dry periods. 
Figure 9.10: Relationship between sediment load and dissolved organic 
carbon load in Ang Mo Kio during wet and dry periods. 
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With reference to Table 9.3, there were no large improvements in the DOC load 
prediction because the errors of DOC load prediction for undifferentiated curves are 
already low. The only large error in DOC load estimation is seen in the sediment load and 
DOC load rating curve for the dry period in AMK. There were also improvements in R2 
values when the rating curves were corrected on the basis of wet and dry months for both 
discharge amount and sediment load rating curves. The R2 values for discharge amount 
and DOC load rating curve were significant in both JW and AMK, exceeding 0.6 after 
the data has been corrected into the wet and dry period. On the other hand, the R2 values 
for the sediment load and DOC load rating curve remained constantly low, recording ≤ 
0.4, except for JW’s wet period rating curve, which recorded 0.7529. Taking into 
consideration significant R2 values in discharge amount and DOC load rating curves and 
a low percentage in estimation errors, the corrected discharge amount and DOC load 
rating curves during the wet and dry periods of both catchments were selected for the 
calculation of DOC load. Therefore, the runoff depth which was calculated from 
Equations 8.1 and 8.2 were further applied into Equations 9.1 – 9.4. 
 
JW (wet period): DOCL = 0.0029 (Q) + 5.244 -------------------------------- 
 
Equation 9.1 
JW (dry period): DOCL = 0.0096 (Q) – 5.8218 ------------------------------- 
 
Equation 9.2 
AMK (wet period0: DOCL = 0.002 (Q) + 3.4916  ---------------------------- 
 
Equation 9.3 
AMK (dry period): DOCL = 0.003(Q) + 3.0776  ----------------------------- 
 
Equation 9.4 
DOCL = Dissolved Organic Carbon Load (Kg) 




Table 9.3: Results of the discharge amount and sediment load rating curve relationship 
with DOC load in Jurong West and Ang Mo Kio. 
 Discharge amount with DOC 
load rating curve 
Sediment load with DOC load 
rating curve 
Jurong West Undifferentiated 
rating curve: n= 
18, R2 = 0.6705, 
Error = -0.5% 
Wet period: 




rating curve: n= 18, 
R2 = 0.3117, Error = 
-0.1% 
Wet period: n= 
8, R2 = 0.7529, 
Error = -0.1% 
Dry period: 
n= 10, R2 = 
0.8656, Error 
= 0.7% 
Dry period: n= 
10, R2 = 
0.4053, Error = 
-0.1% 
Ang Mo Kio Undifferentiated 
rating curve: n= 
18, R2 = 0.6972, 
Error = 0.8% 
Wet period: 




rating curve: n= 18, 
R2 = 0.1667, Error = 
-0.1% 
Wet period: n= 
8, R2 = 0.3352, 
Error = 0.2% 
Dry period: 
n= 11, R2 = 
0.6479, Error 
= -0.1% 
Dry period: n= 
10, R2 = 
0.1440, Error = 
-19.9% 
Note: Negative values in error represents underestimation of DOC load as compared to 
actual measurements. 
 
It is estimated that 6956 kg and 2138 kg of DOC were exported out from JW and 
AMK respectively during storm events. Translating into annual DOC yields, JW 
generated an annual DOC yield of 101.19 kg/ ha/ yr and AMK 61.27 kg/ ha/ yr. This 
means exported DOC load in JW is 3.3 times higher than AMK and the annual yield is 
1.7 times higher as well.  
The lack of research of DOC yield in urban areas has forced a comparison of this 
data with non-tropical natural systems (see Table 9.4). The results reveal DOC yields in 
JW and AMK were similar to that of the natural ecosystems category in North American, 
New Zealand and Russia. However, the amount of DOC exported was higher than the 
ecosystems in Europe. This show the significance of DOC contributed from a small urban 




Table 9.4: Quantile values of DOC export in temperate and boreal watersheds. 
Countries/ 
Continent 





Range (kg/ ha) 
North America, 




37.9 18.0 3.4 – 417.0 
Boreal forest 138.2 76.4 25.3 – 483.8  
Temperate 
grasslands 
2.9 2.0 1.6 – 5.0 
Wetlands 66.1 52.8 1.8 – 142.0 
Europe Temperate 
forest 
32.6 38.3 10.4 – 52.6 
Boreal forest 44.7 33.9 10.4 – 87.5 
Temperate 
grasslands 
43.2  7.6 – 89.8 
Source: (Schlesinger and Melack 1981 and Hope et al. 1994) 
A regression analysis between the highest DOC flux and discharge load in JW 
and AMK is represented diagrammatically in Figures 9.11 and 9.12. The relationship 
between the discharge load and DOC flux is shown to be significant with R2 values of 
0.7061 and 0.5054 achieved in JW and AMK respectively at the 95% confidence level. 
This generally showed that higher runoff volumes led to a higher delivery of DOC out of 
the catchment. These higher runoff volumes would come from impervious surfaces with 
high concentrations of organic matter. In this study, JW’s highest DOC flux is 3.7 times 
higher than AMK. JW has a DOC flux range of 0.72 – 57.72 g/ sec. A lower DOC flux 
was found in AMK, which showed a range of 0.26 – 15.40 g/ sec. A higher DOC flux in 
JW was explained by higher DOC levels and higher discharge levels in the catchment. 
The factors contributing to this (catchment size, higher impervious cover and transport 
related surfaces) have been discussed earlier in Section 9.2.  
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Relationship between discharge  load and DOC flux 
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Figure 9.11: Relationship between discharge load and dissolved organic carbon flux in Jurong 
West. R2 = 0.7061, at 95% confidence level. 
Note: DOC flux is taken at the highest value. 
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Figure 9.12: Relationship between discharge load and dissolved organic carbon flux in Ang Mo 
Kio. R2 = 0.5054, at 95% confidence level. 
Note: DOC flux is taken at the highest value. 
 
 There is also a limited amount of data on DOC flux. Worrall and Burt (2004) 
recorded a peak DOC flux of 53.27 g/ sec in 208 rivers in Great Britain over the period of 
1975 – 2003. This is lower than the highest DOC flux measured in JW. This shows that 
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high DOC levels can also be experienced in small urban catchments. In addition, despite 
the lack of DOC flux information from Daniel et al. (2002), Kayhanian et al. (2007) and 
Duc et al. (2007), inferences on DOC flux from their studies can still be made. As their 
catchments were much larger, their DOC flux should logically be higher than JW and 
AMK. Overall, it can be concluded that urban catchments are also strong contributors to 
carbon levels on the global scale. 
 Even though this study did not obtain sufficient samples to demonstrate the 
seasonality of DOC discharge in the tropics, it can be postulated that higher DOC load 
and higher DOC flux will occur during months of higher rainfalls using the strong 
correlation pairs (discharge load and DOC load, and discharge load and DOC flux). Chia 
and Foong (1991) have commented that Singapore experiences an almost uniform annual 
rainfall, but in Chapter 3, it was shown that in certain months, the rainfall can be 
significantly lower or higher rainfall than the annual average. This is especially true 
during the annual NE monsoon period which takes place from October till January. On 
the other hand, in February and March where the end of the NE monsoon is near, 
significantly lower rainfall will be experienced. In addition, the global effects of El Nino 
and La Nina would also lead to cyclical fluctuations in rainfall. As these climatic effects 
would alter rainfall amounts, discharge levels would be affected too. This would 
indirectly lead to different seasonal effects on DOC exports. 
9.6 Conclusion and management implications  
  
 This chapter investigates the levels of DOC in 2 small urban catchments during 
storm events. DOC levels were checked for temporal variations against discharge levels 
and SSCs. The effects of antecedent dry period were also investigated. Besides 
 362 
 
investigating DOC levels, various factors were examined to access their influence over 
DOC levels. 
 The results show that both urban catchments exhibited DOC fluxes and DOC 
yields comparable to the natural systems in America but higher than Europe’s. However, 
they reflect lower values when compared against badly polluted rivers in Brazil and 
Vietnam. The results also showed JW to have higher DOC levels than AMK. This is 
attributed to JW’s greater level of imperviousness and larger catchment size. In relation 
to discharge levels, DOC peaks before peak discharge and decreases as a result of 
dilution effect from increasing discharge volumes. The influence of discharge is further 
seen in 2 significant linear regression relationships between discharge load and DOC 
load, and discharge load and DOC flux. In addition, the differentiation of events into 
large and small events also showed strong dilution effects on DOC levels during large 
storm events. In addition, small fluctuations in DOC levels at the receding limb is 
observed in smaller storm events, implying that little dilution effects from smaller 
discharge levels were experienced.  
DOC similar to SSCs demonstrated flushing effects in this study. Clockwise 
hysteresis was commonly observed in AMK as compared to JW. Both clockwise and 
anti-clockwise hystereses were seen in equal numbers in JW, indicating the strong 
availability of organic matter sources within the catchment. The matching decreasing 
pattern of DOC and SSCs levels reflects the importance of sedimens as substrate for 
organic matter during storm events. Since DOC is related to SSCs, an investigation on the 
antecedent dry days on DOC was also carried out and deem significant for 4 days in JW 
and 3 days in AMK. This finding is seen to be related to the highest flushing magnitude 
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at 4 antecedent dry days as reported in Chapter 7. It is believed that the resident period of 
deposited sediment would have impact on the flushing magnitude of sediments, as well as 
organic matter. Recently deposited sediments would be more easily washed off than 
sediments deposited for a long time.  
The higher DOC levels in JW compared to AMK have also proved that 
imperviousness is a significant medium for organic matter mobilization. It is believed 
that the higher density of vehicular traffic is responsible for the higher DOC as discussed 
by Kayhanian et al. (2007) and when catchment size becomes bigger, traffic volume will 
be expected to increase, especially in high-density housing areas like JW and AMK.  
 It has been shown that DOC flux and yield in 2 small urban catchments were 
high, which serves to indicate small urban catchments as strong contributors to carbon 
levels in the world. Perhaps, this should lead to more investigations in carbon cycles in 
urban environments, especially in the tropics. This would integrate urban environments 
into the big global carbon cycle processes. As DOC is also a significant parameter of 
water quality, management implications can also be drawn from this study to reduce 
DOC levels in stormwater.  
 Urban roads and carparks where vehicular traffic is present should be the primary 
targets in urban management strategies for better water quality. Normal road sweeping 
will not be useful as they often still leave fine particles behind to be transported with 
surface runoff (Goonetilleke and Thomas 2003). In addition, finer sediments are also 
found to be dislodged from road surfaces due to the sweeping action of mechanized 
cleaners (Deletic and Orr 2005). In this way, coarse sediment particles are cleared but 
finer sediments are further generated. This would also mean that higher levels of organic 
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matter are attached to the sediments. Instead, special vacuuming equipment should used 
to collect accumulated sediment along roadsides and carparks. This would reduce the 
availability of fine sediment particles during storm events. 
 Hatt et al. (2004) have suggested that urban catchments should be designed under 
the principles of ‘Low Impact Urban Design’. Under this design, urban catchment is 
required to reduce DCIA areas as higher DCIA has been found to lead to higher DOC 
concentrations. This plan may not be viable as extensive DCIA is needed to combat 
flooding problems, especially in residential areas. Perhaps, the strategy of increasing 
more permeable pervious cover and reducing DCIA would help to strike a finer balance 
between anti-flooding measures and DOC reduction levels.  
 Finally, reducing the amount of litter into drains would also help in reducing the 
amount of organic matter entering into the water, which would reduce DOC levels too. 
As demonstrated by Daniel et al. (2002); Balakrishna et al. (2006) and Duc et al. (2007), 
domestic wastes dumped into rivers can readily increase DOC levels. Urban litter in 
Singapore as sources of organic matter was not discussed as no direct sampling was 
carried out to determine its impacts on DOC levels. However, it may account for the peak 
rise in DOC levels during the initial sediment first-flush effect. In Singapore, separate 
sewers are built to divert domestic wastes away from urban streams but floating debris of 
domestic waste are still found in the urban streams after every storm event. These are 
clear evidences of littering and litter disposal in public (e.g hawker centres and wet-
markets). Grass cutting activities are also believed to be a strong contributor of organic 
matter into Singapore’s urban streams. Grass cutting activities are often carried out to 
prevent mosquitoes from breeding. However, cut grass is not collected but left at the site 
 365 
 
to be washed into the urban drains during storm events. It would result in high costs to 
resolve the problem of urban litter and the prevention of vegetation from entering the 
drainage network. A more feasible strategy entails extensive public education which the 
government has been actively involved in. As explained in Chapter 1, the recent Active, 
Beautiful and Clean (ABC) waters programme is an example of the government’s efforts 
in relaying an important message to its people that Singapore waterways are part of their 
living environment and hence maintaining their sustainability is everyone’s 
responsibility. The public should refrain from treating their urban drains as dumping 
grounds. There should be efforts taken to collect the grass that have been cut during 
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Chapter 10 Conclusions 
 
 10.1 Brief overview of the study 
 
Cities have developed in response to the social and economic needs of humans. 
The rapid pace of urbanization, particularly in the tropics, has impacted runoffs, sediment 
transport and water quality. Analyzing hydrological processes and sediment discharge in 
urban environments has been recognized as necessary to be addressed in order to secure 
the future availability of water resources.  
 The impact that arises from urbanization and a consequent increase in impervious 
surfaces are widely ackowledged. However, impact studies of high-density residential 
land use have been limited, especially in the tropics. This study has proven that high-
density residential land use contributes much to suspended sediment concentrations 
(SSCs) and sediment yields. This will be a major problem in the future as current water 
demands are already nearing the water resources limits available today. In fact, such 
problems have already been surfacing in many countries like Singapore, Thailand, China 
and India where high-density residential catchments are growing due to population 
increases and rural-urban migration  coupled with the situation of limited land supply,   
Singapore has experienced rapid change in its urban environment for the past 
several decades. As such Singapore provides an excellent context to examine the aims of 
this study—to investigate the impact of high-density urban residential catchments on 
storm runoff processes, sediment delivery and dissolved organic carbon (DOC), all of 
which have important implications on water quality. This study is also significant 
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because urban runoff in Singapore constitutes one of the ‘Four National Taps’ to sustain 
the nation’s water needs.  Therefore, a study of the impact of urban runoffs will be useful 
in aiding the fulfillment of the nation’s sustainable water supply goals. The various 
resulting components of urbanization have been discussed in respective chapters, namely 
storms and storm runoff processes (refer to Chapters 3 – 5), sediment delivery (refer to 
Chapters 6 – 8) and DOC (refer to Chapter 9). Management implications have also been 
discussed in detail within the respective chapters. This chapter will present a summary of 
the important findings, highlighting the management implications drawn from these 
results. Finally, it will provide directions for future research relating to the field of urban 
runoff and sedimentation in the tropics. 
10.2 Major findings and achievements  
 
10.2.1 Pervious and impervious runoff separation 
  
Urban pervious runoff in tropical areas such as Singapore is an under-researched 
issue in urban hydrological studies (Boyd et al. 1993 and 1994). In this study, an attempt 
was made to identify pervious runoff events. This is seen to be significant as pervious 
runoffs in urban catchments have a huge impact on sediment levels in stormwater. This is 
because runoffs that flow over pervious cover erode and transport sediments. 
  During a 20 month sampling period, 120 storms in JW and 106 in AMK were  
measured for their rainfall and discharge levels. A regression analysis between rainfall 
and runoff depth of various storm magnitudes was used to estimate the fraction of 
directly connected impervious area (DCIA) in the respective catchments. From these 
regressions, linear relationships were obtained. The gradient of such relationships refer to 
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the DCIA fraction where storm runoffs were flowing from. This gradient remains more 
constant from 9 mm onwards, indicating that runoff had extended to all DCIA surfaces 
within the catchments. The DCIA fraction of JW and AMK is 0.6426 and 0.6087 
respectively. This is compared against Geographic Information Systems (GIS) maps from 
land cover mapping exercise using Geographic Information Systems and Global 
Positioning Systems (GIS/GPS). These maps show that the DCIA fraction for JW was 
0.76 while that of AMK’s was 0.72. This indicates that the DCIA fraction derived from 
hydrological data does not differ much from catchment maps.  
 The pervious runoff events were identified using the formula of Qp = Q – (P. Fi) 
(Qp = pervious runoff, Q = total runoff, P = total rainfall depth and Fi = DCIA fraction) 
which was also used in a study by Boyd et al. (1994). The results show that pervious 
runoff is generated in 36% and 42% of the storm events sampled in JW and AMK 
respectively. A higher number of pervious runoff events in AMK can be explained by a 
larger pervious cover (40%) within the catchment, compared to 16% in JW. The presence 
of pervious runoff in both catchments is a consequence of the poor physical conditions of 
urban soil, especially heavily compacted soil, resulting in poor infiltration rates. This is 
usually caused by the replacement of natural soil profiles with heavily compacted clayey 
soils and foreign construction materials.  
 In JW and AMK, soil compaction is shown by point of resistance values ranging 
4 – 13 PSI, with the value of 15 being the highest (highly compacted soil). These values 
indicate compaction by heavy machinery during construction and constant trampling 
from human traffic in the 2 high-density residential catchments. The poor urban soil 
conditions were further supported by low infiltration rates due to unnatural compacted 
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soil structure and the presence of large impermeable construction objects within the soil 
profile (Lee 2003). Infiltration rates measured in JW and AMK catchments ranged from 
1.8 to 23.5 cm/hr. Among the 7 sites, only 1 site recorded a maximum infiltration rate of 
23.5 cm/hr, which according to Lau’s (1979) classification, can be described as a rapid 
infiltration rate (the others are considered moderately slow to moderately rapid 
infiltration rates). Furthermore, it should be highlighted that almost no infiltration 
occured 10 – 15 minutes after the commencement of the infiltration tests (see Figure 
4.10). This is compared to Lau (1979) and Rahman (1991) whose infiltration rates in 
forested soils were higher than 90 cm/hr. These results indicate the high likelihood of 
generating pervious runoff from pervious surface, especially under tropical storms 
conditions. 
 Pervious runoff is also influenced by land cover. Pervious runoff is contributed 
both immediately during the storm event and in delayed form. An immediate contribution 
comes in the form of Saturation Overland Flow (SOF) over pervious cover. However 
during times when urban soils were fully saturated and the storm intensity exceeded 
infiltration rates, pervious runoff immediately contributed as Hortonian Overland Flow 
(HOF). In delayed form, the precipitation was absorbed by pervious cover and pervious 
runoff contributed as subsurface flow or throughflow in the following storm events. 
Pervious runoffs in JW tended to come in the immediate form, with evidence from 
hydrograph showing an immediate rise in discharge levels during consecutive storm 
events. A lower abstraction loss of 1.74 mm in JW as compared to 2.65 mm in AMK also 
indicates the ability of AMK’s pervious cover to absorb precipitation to be released as 
throughflow. This is further supported by evidence of increasing abstraction loss in AMK 
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(2.14 – 2.65 mm) when storm magnitude increases from 7 mm to 70 mm. In JW, the 
abstraction loss showed small increases (1.47 – 1.74 mm) when storm magnitude 
increased. The differences in abstraction loss can be attributed to more impervious cover 
in JW. This is because JW is a larger catchment as compared to AMK, which would 
arguably have a larger abstraction loss. However, due to a higher pervious cover in 
AMK, this was proven otherwise.  
  The generation of pervious runoff is also related to climatic conditions. 
Antecedent dry periods of 3 – 5 days have been found to inhibit pervious runoff 
generation. This is largely due to lower soil moisture resulting in an increase in the soil’s 
absorptive capability during storm events. During wetter periods like the Northeast (NE) 
monsoon period, the occurrences of multi-storm events ensures that soil moisture is kept 
at high levels which at the same time also allows pervious runoff  to take place in small 
magnitude storm events. The DCIA fraction in both catchments is computed from storm 
events ≤ 9 mm. This means that during storm events of ≥ 9.2 mm, the runoff is likely to 
extend to other urban surfaces (e.g. non-DCIA and pervious cover) and pervious runoffs 
are likely to occur. This observation is made based on sampled storms where 43% of 
storm events that are ≥ 9.2 mm in JW and 49% of similar events in AMK display the 
aforementioned characteristics. Therefore, there are numerous opportunities for pervious 
runoffs to be generated in both catchments. In addition, with higher pervious cover, 
generation of pervious runoff events in AMK has become increasingly common. 
 Evidence also highlighted the effect of pervious cover in AMK, whereby the 
generation of more previous runoff events have indirectly led to slower hydrological 
responses than JW which has a higher percentage of impervious cover (84%). The 
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average runoff ratios (see Table 4.4) show increasing values from 0.48 to 0.63 in JW 
from the dry to wet period. During a similar period in AMK, the runoff ratios ranged 
from 0.45 to 0.57. The lower runoff ratios in AMK implies that more rainfall was being 
absorbed than translated into immediate runoff, and that runoff velocity has being 
reduced by pervious cover, which effectively lowered the catchment runoff ratios. A 
shorter lag time in JW (18.5 mins) compared to AMK (21.5 mins) was also a reflection of 
fewer pervious runoff events in JW.  
 From the preceding analyses, it can be seen that pervious runoff events could 
easily be generated from pervious cover in Singapore’s urban catchments. The 
identification of pervious runoff is important because it is closely associated with soil 
erosion and thereby contributes to sediment levels in stormwater. The presence of high 
sediment levels in stormwater and its impact on water resources have been widely 
documented (Brown 1988; Balamurugan 1991 and Alexandrov et al. 2003). 
Sedimentation in reservoirs is a direct consequence of high sediment levels in 
stormwater. This would affect aquatic systems and reduce the water storage capacity of 
reservoirs. A high sediment level would also signify a high pollutant level, thus affecting 
water quality. Essentially, there is a need to strategize the use of permeable cover in 
urban catchments. Urban pervious cover are usually semi-permeable cover because it is 
usually heavily compacted and have poor infiltration properties (see Figure 4.10). This is 
shown in this study and by Jim (1998a, b and c). During large storm events when soils 
become saturated quickly, SOF process will begin. Prior to a storm event whereby soils 
are already saturated, when storm intensity exceeds infiltration rates, HOF becomes the 
dominant process.  
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As the Singapore government is constantly emphasizing Singapore’s status as a 
garden city, they need to be mindful of the impact of pervious runoff from pervious cover 
in the various urban catchments. The Urban Redevelopment Authority (URA) or National 
Parks Board (NPB) need to realize that the more greenery they put into urban catchments, 
the more sediment there are entering the waterways. Disturbed pervious cover (bare soil 
surfaces) poses an even greater sediment problem than well-grassed pervious cover. 
Grass covers can help to reduce surface runoff velocity, thus protecting sediments from 
erosion during tropical storms. Bare surfaces are also not aesthetically pleasing. Human 
trampling and rainsplash erosion from throughfall are identified as the main causes of 
bare soil patches. This study argues that increasing greenery in Singapore’s urban 
catchments is contributing to sediment levels in stormwater. Past local studies like Chui 
(1997), Lim (2000) and Lee (2001) have not presented this as a major problem in 
Singapore urban catchments. Chatterjea (1998) is the only study that showed high 
sediment contributions from bare soil surfaces but like the rest, much emphasis on 
pervious cover as sediment source in Singapore urban catchments is not strongly 
emphasized either as her study is mainly on slope processes. 
 Effort should also be taken to re-vegetate bare soil surfaces or the strategy 
of pervious cover in reducing flow velocity will be undermined. Bare soil surfaces should 
be re-vegetated and proper protection of re-vegetated pervious cover during the wetter 
months ensured, especially during NE monsoon period, where more frequent occurrences 
of large magnitude and intensity storm events can result in higher rates of erosion. It is 
best to conduct the re-vegetation work during drier months to minimize erosion washout. 
Bare soil surfaces are also found beneath tree canopies because of rainsplash erosion 
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from throughfall. It is recommended that mulch be used to provide a protective layer to 
the soil surface. At the same time, the use of mulch will reap a lot of benefits such as 
improvements in soil structure, soil moisture and soil fertility. These bare soil surfaces 
can also be found beside impervious surfaces due to erosion from accelerated runoff. 
Thus, measures should be taken to divert quick flow away from these damaged/ 
regenerating pervious covers. Management tactics should also include action plans to 
reduce human trampling effects and protect pervious covers below tree canopies to avoid 
the proliferation of bare soil surfaces.  
 Responsible soil engineering practices should be carried out to improve the 
infiltration rates of existing urban pervious cover (e.g. grassed surfaces). These practices 
include the use of natural soil materials (with good texture), rather than impermeable 
construction materials such as land-refills after construction activities have ended. This 
would improve the infiltration rates and permeability of soil structure. In this way, 
pervious cover would indeed reduce runoff velocity through increased infiltration and 
less overland flow. Pervious runoff will contribute more as delayed form, thereby 
reducing soil erosion from pervious cover. An additional advantage of increased pervious 
cover permeability is the increase in water storage within catchments.  
10.2.2 Variations in suspended sediment response in tropical storms 
 
 This study has enhanced the understanding of suspended sediment delivery in 
tropical urban catchments with lined-channels. Tropical storm intensities as shown in this 
study are unpredictable and variable and have consequential impacts on sediment 
mobilization in the urban environments. Throughout the sampling period, 1562 and 1107 
stormwater samples were collected and analyzed for SSCs. The highest SSCs recorded in 
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JW and AMK are 8459.21 mg/L and 9144.62 mg/L respectively. This is due to 
indiscriminate sediment disposal from construction sites during dry weather flow. During 
the wet, dry and normal periods, JW recorded higher average SSCs of 97.63, 55.49 and 
191.01mg/L respectively compared to AMK’s average of 68.17, 43.03 and 167.11 mg/L.   
 The temporal behavior of SSC during storm events was observed for 2 hours in 
every storm event. Stormwater samples were collected and analyzed for SSCs. Each 
sample was collected at 5-minute intervals upon the trigger of the float switch when 
water level rose. The quantile values of SSCs during sampling sequence in JW and AMK 
showed the phenomenon of first-flush effect in the 75th and 90th percentile values (see 
Figures 6.3 and 6.4). However, the maximum SSCs values revealed fluctuations in the 
SSCs throughout the storm period in JW. This fluctuation pattern is seen in the first hour 
of the sampling sequence in AMK (see Figure 6.3). These results show that the 
commonly cited first flush effect by published works (Whipple et al. 1974; Gupta et al. 
1999 and Lee et al. 2002) is just a part of the broad spectrum of sediment delivery 
patterns in tropical urban catchments, or at least in Singapore’s urban catchments.  
 From 120 and 106 storm events in JW and AMK respectively, discharge and 
SSCs measurements were recorded at similar times for 46 (JW) and 27 (AMK) of them. 
These storm events were analyzed for their flushing magnitudes which were measured 
employing the incremental load/ incremental flow ratio as mentioned by Helsel et al. 
(1979). According to a modified classification adapted from Helsel et al. (1979), 96% of 
all storm events showed the occurrence of sediment flushing, mostly during the early 
period of storm events. However, 46% and 56% of storm events revealed a weak flushing 
effect in JW and AMK respectively. Overall, JW showed stronger sediment flushing 
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effects than AMK (see Table 7.2). This is due to its higher impervious cover and 
relatively greater sediment sources (e.g bare soil surfaces, longer period of construction 
activities) that created stronger sediment flushing effects. 
 In an attempt to fully understand the broad spectrum of sediment delivery patterns 
in JW and AMK, SSCs and discharge levels of individual storm events (JW – 46 events 
and AMK – 27 events) were represented in scatter plots to determine the hysteresis 
patterns. Based on Williams’ (1989) development of the SSC/Q ratios, the hysteresis 
patterns were classed into various shapes, namely clockwise, eight-shaped and anti-
clockwise (see Figure 7.1). In this study, 2 additional sediment delivery patterns random 
and clockwise eight-shaped hysteresis were observed. 
 The clockwise hysteresis pattern is a common characteristic in JW and AMK. It 
also shows the characteristics of an early first flush effect and accounts for 64% and 42% 
of sediment delivery patterns. This is followed by 19% and 21% clockwise eight-shaped 
patterns, 9% and 19% random hysteresis, 6% and 15% eight-shaped hysteresis and 2% 
and 3% anti-clockwise hysteresis (see Table 7.5). In addition, a wider hysteresis loop was 
more often seen in AMK, indicating a quicker exhaustion of sediment sources as 
compared to the narrower hysteresis loop in JW. Narrower hysteresis loops generally 
signified a slower decrease in SSCs as the storm event progressed. This is largely due to a 
more continuous supply of sediments into storm runoff from sediment sources within the 
JW catchment.  
 These results reveal a combination of various tropical storms conditions and the 
catchment’s sediment sources which resulted in hysteresis patterns not widely discussed 
in urban hydrogeomorphology studies, particularly in the context of the tropics (Chui 
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1997; Lim 2000 and Lee 2001). Larger storm events which often have variable intensities 
during storm periods would generate multi-peak hydrographs. In these multi-peak storm 
events, additional sediments were mobilized from non-point sources and this leads to 
more varied hysteresis patterns (e.g eight-shaped, clockwise eight-shaped and random 
hysteresis) other than the usual clockwise patterns.  
 Catchment characteristics such as construction activities also have impacted on 
the sediment delivery pattern. For example, the commencement of construction activities 
in AMK led to more varied hysteresis patterns, rather than the usual clockwise hysteresis 
patterns. This shows that sediment supply in AMK is more limited. In fact more often 
than not, sediment contributions from construction activities is more clearly seen when 
discharge levels are nearing their peak. This is because sediments contributed from 
construction sites tend to be coarser and larger in particle size. A higher discharge level 
would be required to mobilize these heavier sediment particles. This would also 
contribute to the formation of varied hysteresis patterns other than the clockwise one. The 
presence of larger impervious cover and numerous bare soil patches in JW provide ample 
supplies of sediments during storm events and this has resulted in variations of sediment 
hysteresis patterns throughout the sampling period. Therefore, it can be argued that 
sediment transportation in JW depends strongly on storm characteristics and sediment 
mobilization is transport-limited. 
 The observation of various sediment hysteresis patterns has revealed the strong 
ability of tropical storms in mobilizing sediment from urban catchments. Measures are 
currently in place to divert runoffs from non-point sources into sedimentation ponds 
before it is released into waterways. For instance, sedimentation ponds are installed in the 
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Bedok catchment mainly for such purposes (Lee 2001). However, such a measure is not 
seen in both JW and AMK catchments. Thus, it is highly recommended that this course 
of action should also be implemented in JW and AMK. It is also argued that non-point 
sources such as pervious cover (bare soil surfaces and grass-covered surfaces) and 
construction activities significantly account for high sediment levels in waterways. This 
is because no or poor measures have been taken to control sediment wash-off from these 
sources, if at all  
 Various management actions have been suggested in Section 10.2.1 to reduce 
sediment contribution from pervious cover, particularly bare soil surfaces. Sediment 
contribution from construction sites is another major issue identified in this study and 
stricter regulatory laws should be implemented to regulate sediment discharge from work 
sites. The regulation of sediment discharge from work sites investigated in this study has 
been poorly enforced. This can be seen in the highest SSCs contributed from construction 
sites during normal period in both catchments. The same problem is experienced in local 
catchments such as Queenstown, which had been examined by Lim (2000). 
Environmental Impact Assessments (EIAs) should be reviewed and existing 
Development Guide Plans (DGPs) should be improved to include urban catchments as 
part of the water-catchment areas so that EIAs are also enforced in residential catchments 
with construction activities. This is important because the future Marina Reservoir will 
have most of its runoff coming from urban catchments, including AMK. Similarly JW is 
within the watershed boundaries of another reservoir (Jurong Lake Reservoir). Therefore, 
if the government wishes to address sedimentation and water quality issues, revisions and 
improvements in existing EIAs criteria are a good start.   
 395 
 
Besides improving environmental laws in Singapore, good environmental 
practices within construction sites should also be encouraged. Basic guidelines would 
include (i) avoiding unnecessary clearing of pervious cover to reduce accelerated runoff 
from work sites; (ii) providing sufficient sedimentation ponds or tanks to tackle the issue 
of silt discharge from work sites; (iii) providing separate environment protection 
measures for months of higher rainfalls, especially during the Northeast monsoon period; 
and (iv) ensuring a multi-disciplinary team comprising of hydrologists, environmental 
engineers and geomorphologists to formulate and administer environmental protection 
plans at work sites.  
10.2.3 Sediment yield estimate  
  
The estimation of sediment yield conducted in this study is also a significant 
contribution to the tropical urban runoff literature, especially in the case of Singapore. 
This is because there is no information on sediment yield from past local urban runoff 
studies (Chui 1997; Lee 2001 and Lim 2000). This absence of knowledge has also been 
highlighted by Gupta (1982).  Intuitively, one would expect the Public Utilities Board 
(PUB) to have such information. This is because the PUB is the government authority in 
charge of drainage infrastructure and ensuring waterways quality in Singapore. However, 
the PUB does not have such information either (Aw, per comm. 2004).  
 This lack of sediment yield information is not surprising since there has been little 
effort by the government to monitor sediment levels in stormwater systematically (Aw, 
per comm. 2004).  It is important to know the amount of sediment yield and sediment 
contributing sources from urban catchments so that action can be taken to reduce 
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sedimentation problems in reservoirs, particularly in the new Marina Reservoir. 
Sedimentation can seriously degrade water quality and reduce the amount of water supply 
in Singapore. This study has responded to this gap in the literature. Using field rainfall 
measurements during the 20 months sampling period and SSCs from 46 and 27 storm 
events in JW and AMK respectively, event-based sediment rating curves were used to 
calculate sediment load.  
 The use of sample-based rating curves were tested but were unsuccessful because 
data outliers (R2 = 0.5) still persisted after double correction was applied. Similar to Lim 
(2003) sample-based rating curves are unsuitable because of the large degree of data 
scatter within SSC- Q rating curves. In addition, due to constraints of manpower and 
time, Lim (2003) was unable to sample sufficient storm events to formulate event-based 
rating curves to estimate sediment yield in Queenstown catchment, Singapore. Therefore, 
an advantage of this study is the sufficient sampling of storm events so that event-based 
rating curves could be used to estimate the sediment yields of JW and AMK. 
 The event-based rating curves were corrected from the original rating curves in 
the respective catchments to reduce the degree of scattering within the rating curve plots. 
Double correction techniques were applied such that storm events were separated into 
wet construction periods, wet non-construction periods, dry construction periods and dry 
non-construction periods. The wet periods refer to months of higher than the monthly 
average rainfall and the dry periods represent months of lower than monthly average 
rainfall. The monthly average rainfall for JW and AMK were 245 mm and 238 mm 
respectively (see Figures 3.10 and 3.11). High coefficient of determination (R2) values 
and improvement in errors in sediment load prediction were observed after the rating 
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curves were differentiated twice. In JW, the undifferentiated rating curve had an R2 value 
of 0.7557 and the sediment load was overestimated by 33%. After correction, the R2 
values generally improved to a range of 0.654 to 0.9739. Errors of sediment load 
prediction decreased to a range of – 12% to 24% (see Figure 8.15). These improvements 
were also seen in AMK where the undifferentiated rating curve had an R2 value of 0.7686 
and the sediment load was overestimated by 29%. After correction, the R2 values 
generally improved to a range of values of 0.7270 to 0.9954. Errors of sediment load 
prediction have decreased to a range of – 21% to 1% (see Figure 8.16). A drop in the R2 
value to 0.2487 was observed but considering the low percentage error of 1% in sediment 
load prediction, this rating curve is still considered accurate for sediment load estimation. 
 The annual sediment yields of JW and AMK were 289 and 338 tonnes/km2 
respectively. These levels have been identified as higher than other urban catchments 
studied by Walling (1977a), Grimshaw and Lewin (1980), Walling (1983) and Nelson 
and Booth (2002) (see Table 8.6). A comparison against other catchments studied by 
Novotny and Chesters (1989) (see Table 8.7) further revealed sediment yield generated 
from high density urban residential catchments in JW and AMK to be higher than 
commercial land use and other residential catchments. It is believed that the high 
impervious surface area in JW and AMK are strong contributors of sediments in the 
respective catchments. This is evidenced by the early sediment flushing-effect (clockwise 
hysteresis pattern). On the other hand, the other hysteresis patterns (clockwise eight-
shaped, eight-shaped and random hysteresis) are also signs of sediment being contributed 
by the construction activities and the pervious cover in both catchments. 
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 Construction activities are periodic sediment contributors but pervious cover, 
especially the trampled bare surfaces are there permanently unless efforts are made to re-
vegetate them. Once a storm event begins, these damaged pervious cover potentially 
becomes a sediment non-point source. Under Singpore’s tropical climate conditions, 
frequent high intensity storm events are experienced and these pervious cover will 
become another non-point sediment source, besides the commonly cited impervious 
surfaces and construction sites in the literature. Therefore, frequent periodic construction 
activities and especially the emergence of pervious cover as another non-point urban 
sediment source are plausible explanations why sediment yield in commercial land use 
and other lower density residential catchments are lower than those in JW and AMK.          
Further examination of sediment yield contributed from pervious and impervious 
cover showed significant results that have not been raised by past studies (Chui 1991 and 
1997; Lee 2001 and Lim 2000). These studies only studied SSCs in stormwater and did 
not provide information on sediment yields in catchments. The same is seen in Chatterjea 
(1994 and 1998) and Rezaur et al. (2003) who dealt with soil erosion in slope processes 
and construction sites. Unique from these past studies, this research is able to estimate 
sediment yields from impervious and pervious cover in urban catchment area. 
From the annual sediment yields of JW and AMK which is contributed from both 
impervious and pervious cover, the sediment yield of impervious cover in JW and AMK 
were calculated to be 224 and 197 tonnes/ km2/ yr respectively. These values are 
considered high as suggested by Gupta (1982) who consideres 200 tonnes/ km2 as the 
benchmark of urban development. However, even higher values were seen in pervious 
cover which yielded 1174 and 296 tonnes/ km2/ yr in JW and AMK respectively. These 
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values show the very high sediment yield generated from pervious cover, particularly JW 
which exceeded 1000 tonnes/ km2/ yr and AMK’s value exceeding JW’s impervious 
cover sediment yield. Unknown or not highlighted by past studies conducted in 
Singapore, pervious cover as a sediment-contributing source has received little attention. 
In this study, it has been shown and emphasized that pervious cover is a contributor to 
sediments and mitigation measures need to be taken to reduce this problem. It should be 
highlighted to various relevant authorities who are in charge of urban planning and 
drainage matters in Singapore. These relevant authorities include, Urban Redevelopment 
Authority (URA), National Parks Board (NPB) and PUB. It should be highlighted that 
pervious cover is contributing to both the beautification of Singapore urban environment 
as well as sediments into Singapore waterways. Therefore, mitigation measures should be 
taken to reduce sediment erosion from pervious cover. These measures have been 
recommended in Section 10.2.1. 
10.2.4 Dissolved organic carbon response to tropical storms 
 
 An entire chapter was committed to the study of DOC levels. Even though the 
analysis of DOC was not as detailed as the runoff and sediment delivery processes 
discussed in Chapters 4 – 8, the study of DOC is also an important contribution of this 
research. DOC is a parameter in water quality that affects drinking water taste, odour and 
colour. As far as water resources are concerned, the study of DOC is highly important to 
the future of Singapore water resources.  
 According to Hope et al. (1994), Sutula et al. (2003), Worall and Burt (2004) and 
Hung and Huang (2005), DOC in urban tropics is under-researched. Similarly, past local 
water quality studies by Chui (1991 and 1997), Lim (2000), Ee (2000) and Lee (2001) 
 400 
 
also omitted DOC from their studies. Therefore, this study has taken a small but 
significant attempt to investigate DOC levels in 18 storm events from each catchment.  
 The influence of storm events in mobilizing organic carbon from catchments can 
be seen in significant correlations between discharge load with DOC flux respectively. 
DOC levels during baseflow levels in JW and AMK are 2.75 and 1.83 mg/L respectively. 
During storm events, JW recorded DOC levels ranging from 0.91 – 35.28 mg/L while 
AMK recorded a range of 1.10 – 24.31 mg/L. Based on the 90th percentile values (JW – 
14.2 mg/L and AMK – 9.88 mg/L), both catchments see an increase of 5.2 – 5.4 times in 
DOC levels during storm events. JW has a DOC flux range of 0.72 – 57.72 g/sec and a 
lower DOC flux of 0.26 – 15.40 g/sec was recorded in AMK. 
 During storm events, peak DOC levels were observed before peak discharge but a 
decline in concentrations occurred as a result of dilution effects from higher discharge 
volumes. DOC follows in similar patterns as SSCs delivery during storm events. Like 
suspended sediment, it demonstrates flushing effects and is reflected in the clockwise 
hysteresis patterns in both catchments. However, the presence of anti-clockwise patterns 
in JW indicates higher availability of organic matter in the catchment. Sediment as cited 
by the general literature is also an excellent substrate for organic carbon, indicating a 
strong link between suspended sediments and DOC. This explains why the highest DOC 
levels and SSCs flushing magnitude were recorded at 3 – 4 antecedent dry days. 
 Event-based rating curves between DOC load and discharge amounts showed 
higher R2 values and lower prediction errors between DOC load and sediment load. As a 
result, event-based rating curves between DOC load and discharge amounts were 
corrected into wet and dry periods to calculate DOC yield in both catchments. The annual 
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DOC yield for JW and AMK was 101.19 kg/ ha/ yr and 61.27 kg/ ha/ yr respectively. 
Both catchments exhibited lower DOC values compared to other urban cities in Brazil 
and Vietnam. This is because of the uncontrolled dumping of domestic wastes and 
combined sewer systems in those countries (Daniel et al. 2002 and Duc et al. 2007). The 
results also showed that DOC flux and DOC annual yield are comparable to large natural 
watersheds in America and Europe (Schlesinger and Melack 1981 and Hope et al. 1994) 
(see Table 9.4). There is no strong evidence from this study to link these results to the 
effects of the tropical climate. However, it does reveal the role of urban catchments’ in 
contributing organic carbons into the hydrological system. JW’s higher density of 
transportation network, higher impervious surfaces and larger catchment has led to higher 
DOC levels than AMK.  
 In natural systems, organic carbon is contributed mainly from the decomposition 
and leaching of natural biomass. In the urban environments, organic carbon is mainly 
contributed through other significant sources (e.g domestic wastes, untreated industrial 
effluent and vehicular traffic). Vehicular traffic, coupled with high impervious covers, 
was a major contributors of organic matter in JW and AMK. This is because Singapore 
catchments are well-served by separate sewer systems that ensure domestic wastes do not 
pollute waterways. Therefore, management strategies should target sediment reduction 
from transportation surfaces. This would include diverting an initial 10 – 15 minutes of 
stormwater runoff for treatment before releasing them into waterways. Hatt et al. (2004) 
suggested the reduction of DCIA areas as higher DCIA was to be associated with higher 
DOC concentrations. This may not be a viable solution as it might compromise the 
flooding management plans designed for the catchments. Perhaps, better sediment 
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removal techniques should be employed to reduce sediment availability from 
transportation surfaces. In this way, other pollutants like heavy metals can be reduced 
too. Finally, more awareness should be raised to encourage the public not to dump 
domestic litter or waste into drainage. The impact of urban domestic waste on DOC 
levels have been clearly documented by Daniel et al. (2002) and Duc et al. (2007). 
Therefore, the public should also start assuming more responsibility to protect their 
environment waterways.   
10.3 Prospects for future research 
 
10.3.1 Stormwater monitoring program  
  
It can be seen that human activities are responsible for much of sediment and 
pollutant generation cum mobilization in the study’s urban environments. As such, it is 
also possible for these impacts to be reduced through human intervention. The reduction 
of urbanization impacts would not only require strategic watershed management skills, 
but also adequate monitoring programs to constantly assess the health of waterways in 
the urban environments. 
 In Singapore, the lack of continuous monitoring programs has been highlighted by 
Koe and Aziz (1995 cited in Lim, 2000). Only 17 streams islandwide are monitored for 
water quality on a monthly basis by the Ministry of Environment. This regular 
monitoring program is seen as inadequate when it comes to identifying transient activities 
such as sediment discharge from construction activities in JW and AMK. Furthermore, 
the monitoring program which involves only 17 streams in the entire country clearly 
shows the lack of efforts to guard against pollutants discharged from high density 
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residential catchments which are smaller in size. Since this study has exemplified the 
multiple impact of high density urbanized environments and sediment transfer on the 
hydrological system, more attention should be paid to monitor stormwater qualities in 
these catchments. 
 The success of a monitoring program hinges on the availability of expertise and 
financial support. Acquiring expensive scientific equipment is often a major hurdle for 
water monitoring programs. As technological innovation continues to advance, newer 
equipment will inevitably become more user-friendly and more accurate in measuring 
various parameters. However, more funds are required for such equipments. 
Turbidimeters as shown in this study are can be reliable surrogates for SSCs monitoring. 
However, the effectiveness of such a tool would require regular on-site maintenance but 
nevertheless, the time spent on on-site maintenance of turbidimeters will still override the 
tedious work of collecting and analyzing stormwater samples.  
Turbidimeters are costly and their deployment in the field should be planned 
properly. For example, it may be more worthwhile to prioritize the installation of 
turbidimeters in catchments that have potential sediment sources like construction 
activities or road building. However, considering the cost of annual dredging operations 
which may cost up to tens of thousands of dollars in each watershed, the use of 
turbidimeters is still a more feasible and cost-saving option than expensive dredging 
operations. In conclusion, turbidity meters are needed to monitor stormwater quality, 
however if financial capabilities do not allow for expensive meters to be installed, 




  It is important to continue monitoring both the JW and AMK urban catchment as 
they continue to undergo land cover and land use change in the future. Plans have been 
set to remove pervious covers in JW to make way for more high-rise housing buildings. 
This may result in the increase of impervious cover to over 90% within the catchment. 
Thus, it will be beneficial that at the very least, regular measurements should be 
conducted in these 2 sites in the future. This will provide progressive assessment of the 
impact of urbanization and prompt corrective measures to be undertaken. In addition, 
results will also indicate whether catchment management strategies, when applied, are 
successful. Water quality studies conducted in the tropics are a rarity since difficult 
procedures need to be overcome before research are being carried out. Therefore, it is 
with great hope that this study will provide the necessary momentum for more fruitful 
research to be conducted in this field.  
10.3.2 Assessment of polluting sources  
  
The assessment of the contributing sources of specific pollutants in the tropics 
will be useful in identifying the specific problems encountered and implement direct 
actions to reduce their negative impact on stormwater. These specific sources are bare 
soil patches which are commonly seen in Singapore but are not considered a significant 
potential contributor of sediment in urban environments. Therefore, a specific study on 
sediment contribution from bare soil patches during storm events will help to alert the 
government to take serious action.  
 More research is also needed to study the effects of road network density and 
vehicular traffic volume on sediment generation in the tropics. This is necessary even 
 405 
 
though a lot of studies have been conducted with regard to sediment generation in 
highways in the temperate regions. In the tropical region, difference in storm 
characteristics will have different erosive magnitudes, thereby leading to different 
loadings of sediment during storm events. 
 The understanding of breakdown rates of leaf litter in the urban environment will 
be useful in assessing the role of leaf litter leaching processes that will contribute to 
organic carbon levels in the catchment. The effect of antecedent dry periods on sediment 
accumulation should also be examined. Studies have shown inconclusive relations 
between sediment accumulation and antecedent dry period. Newer research should focus 
on the relationships between the size of sediment particles accumulated over dry spells 
and washout magnitudes during storm events. Using information on sediment particle 
size, the source and duration of the hydrograph stage at which the sediment is being 
mobilized would be identified. This will provide a better perspective of sediment 
accumulation and sediment mobilization in the urban tropics. 
10.3.3 Expansion of urban tropical studies 
  
This study should be a stepping stone to other urban studies in developing tropical 
countries. Conducting studies in Southeast Asian countries such as Thailand, Malaysia, 
Philippines and Indonesia is a good start before moving on to other Asian countries. This 
is because these countries have different urban planning blueprints resulting in diverse 
land cover and land use patterns from Singapore. Most importantly, all of them 
experience strong seasonal variations in annual rainfall patterns. This would give a more 
distinctive seasonal effect on runoff processes and sediment delivery. Some of them also 
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face geologic hazards such as landslides and earthquakes (e.g. Malaysia, Philippines and 
Indonesia). These will lead to more activation of sediment sources through geologic 
disturbances. Therefore, if more research in these countries are carried out, there will be a 
better and more holistic representation of tropical urbanization impacts on the 
environment. 
10.3.4 Improvements in field set-up and data collection methods 
 
 The future expansion of urban hydrology in the tropics will require further 
investigations with reference to specific topics which are still poorly understood. This is 
due to the lack of specialized studies looking into sediment detachment/ transport 
processes especially in the tropics. Simulated field plot experiments could provide a 
better understanding of the sediment yield generated from a specific area of pervious or 
impervious surface. Erosion pins for example, can shed light on the rate of soil erosion on 
pervious cover in the urban catchments. There have been studies which have investigated 
sediment generation from hill slopes (Chatterjea 1994 and 1998). Such efforts should be 
extended to urban catchments’ pervious covers. Other specialized studies like 
interception loss, stemflow and throughfall impacts on sediment detachment and 
transport can be carried out too shed light on the role of  urban trees in soil erosion.  
There should be improvements to existing field set-up and data collection 
methods. In the future monitoring field set-up, more rain gauges can be installed within 
the catchment to better understand the spatial and temporal distribution of rainfall. 
Similarly, if there is sufficient sediment sampling equipment, it would be preferred that 
sediment monitoring be carried out not only at the catchment outlet but also in potential 
sediment sources around the catchments. This would enhance understanding on the 
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temporal delivery of sediment from the source to the catchment outlet. Automated water 
sampling should be carried out at 1-minute intervals, instead of 5-minute intervals so that 
more detailed change in SSCs can be recorded.  
10.4 Research limitations 
 
10.4.1 Sampling period 
  
The sampling period could have been extended for 24 months instead of 20 
months. However, this was not possible due to the equipment failure which would have 
taken months to repair. The unavailability of data for some storm events is also due to 
periodic breakdown of the YSI sonde, which is used for recording stage levels and 
turbidity levels. The same problem is also seen in the automated sampler which failed to 
activate in certain storm events. As scientific equipment is left in the field for continuous 
measurements, it runs the risk of being stolen and tampered with. The YSI sonde was 
occasionally found to be tampered with, leading to inaccuracy in discharge 
measurements.  
10.4.2 Manpower and research funds 
 
 Manpower and research funds have strong implications on the amount and 
reliability of data collected. In this research, the quantitative aspects of data may have 
been compromised to ensure the reliability of data collected. The lack of manpower and 
sufficient funds has led to lengthy field and laboratory work and reliance on rather old 
scientific equipment to collect raw primary field data. This has led to occasional 
equipment failure. The availability of more funds would help in recruiting research 
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assistants who would be able to help in tedious work such as land cover mapping and 
laboratory filtration work. In this way, more time would be available for more storms 
sampling. 
10.4.3 Data availability 
   
The availability of secondary data, with primary data would provide a better 
picture of land use change impacts on runoff and sediment delivery patterns. However, 
no sediment monitoring work has been taken by the PUB not only in JW and AMK 
catchments but also in other urban catchments too. Similarly, data pertaining to land 
cover in GIS base maps of catchments (see Figures 2.6 and 2.7) are not available. 
Therefore, instead of more time being committed towards storm sampling, 2 months were 
spent on mapping and editing catchment land cover on GIS maps. Such unnecessary 
work can also be avoided if relevant authorities are determined to improve on the 
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